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ABSTRACT 
In this study, mixing methods and their effects on properties of pavement Portland 
cement concrete are investigated. Two mixing methods and twelve pavement concrete mix 
proportions, specified by the Iowa Department of Transportation (DOT), are studied. Four 
composition tests (unit weight, air content, coarse aggregate content, and water content of 
sieved mortar) and two performance tests (slump and compressive strength) are employed. 
The average, range, and coefficient of variation (CV) of these measurements from each given 
batch are evaluated, and the results are further used as responses for statistical analysis. The 
results show that concrete performance properties change with both mixing method and mix 
proportions. The CV of batch composition tests changes with each mixing method. Some 
mix proportions are sensitive to mixing method. 
An air voids analyzer (AVA) is used to evaluate the effects of materials, mixing time, 
mixing sequence, and mixer on the air void system of fresh concrete. Air content, specific 
surface, and spacing factor of three mix proportions, C4 mix, C4-C (with class C fly ash), 
and C4-WR (with water reducer), are used to reflect the material effect. It is observed that fly 
ash replacement for Portland cement and addition of water reducer both reduce the air void 
spacing factor of concrete. Insufficient mixing time ( < 2 minutes) may not produce a 
desirable air void system. A multiple-step mixing sequence and a large mixer are more 
favorable in creating a better air void system in concrete. 
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CHAPTER 1 . INTRODUCTION 
1.1 Background 
Mixing is important to achieve desirable performance and homogeneity of concrete. The 
quality of concrete mixing depends primarily on mixing energy, time, and mixing sequence. 
ASTM C94 defines the mixing time for central-mixed concrete as the time interval after 
all solid materials are in the drum. It requires that the acceptable mixing time for mixers 
having capacity of 1 yd3 or less should be at least 1 minute. For mixers of greater capacity, 
this minimum time increases 15 seconds for each cubic yard or fraction thereof of additional 
capacity where no mixer performance tests are made. 
Various state Departments of Transportation (DOTs) establish guidelines and 
specifications for the production of different classes of concrete. For pavement concrete, the 
Illinois DOT requires a minimum mixing time of 75 seconds for a stationary mixer. The 
mixing time is counted from the time when all solid materials are in the mixing compartment 
up to the time of the discharge of concrete; the Michigan DOT defines the mixing time as the 
interval between the charging of all cement and aggregates and the beginning of discharge of 
the concrete. For central mixed concrete, the minimum mixing time is 60 seconds. For 
revolving-drum mixers having a capacity of one cubic meter or less, the minimum mixing 
time is 90 seconds. The Ohio DOT also stipulates that the minimum mixing time for central 
mixers is 60 seconds, beginning when all the materials are in the drum and ending when 
discharge begins. 
Petersson ( 1993) stated that the mixing time for concrete should be at least 90 seconds, as 
prescribed by Swedish concrete structure regulations. Vandanjon, Larrard, Dehousse, Villain, 
Maillot and Laplante (2003) quoted French standard XP P18-305, which requires that ready-
mix concrete should mix for at least 35 seconds if the concrete contains neither mineral nor 
organic admixture. For other mixes this minimum time is raised to 55 seconds. 
The material and mixing system (mixer, mixing time, mixing sequence) usually mutually 
interact. Supplementary cementitous materials (SCMs ), such as silica fume, fly ash, slag, 
natural Pozzolan, etc., have been used in concrete for many years because of the benefit to 
the environment and durability of the concrete. Some mixtures containing SCMs tend to be 
sticky and may need additional mixing time to reach uniformity. As indicated above the 
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French standard includes the material effect for the mixing-time adjustment, but the 
requirement for mixing of concrete with material-effect consideration, especially SCMs, has 
not been clearly established in the United States. The air void system is critical for the 
concrete structure such as pavement and bridge decks subjected to frost/thaw action and de-
icing salts. The air void system in concrete is generally formed during the process of mixing 
and is significantly affected by both the material and the mixing method. For example, fly 
ash often contains carbon, which has a large surface area and absorbs the air-entraining agent 
(AEA): thus it may impair the air void system. The mixing procedure (time) for normal 
concrete may not be appropriate for the mixing of concrete with SCMs. Mixing study is still 
difficult because up to now there has been no consensus on evaluation criteria for quality of 
concrete mixing. 
Extensive mixing studies have been found through the literature review but very few 
studies of mixing considered material effects. Petersson (1993) provided three different mix 
proportions with workability ranging from liquid to plastic to very stiff for evaluation of 
effectiveness of concrete mixers. For certain mixers, the relationship between cement 
distribution and mixing time was distinctly dependent upon the type of concrete being mixed. 
Thus research considering both mixing and material effects would be necessary. Statistical 
analysis provided a better interpretation of the relationship between the two factors than the 
pure individual engineering judgment by providing a chance to look at the significance of 
difference and potential interaction between the two factors. 
1.2 Objectives 
The present research is conducted with the following objectives. 
• To evaluate effects of mixing on concrete properties using current standard test 
methods. 
• To find the interaction between the concrete materials and mixing methods using 
statistical methodology. 
• To examine the effect of mixing methods on fresh concrete air void system using 
new technology, air void analyzer (AV A). 
3 
1.3 Scope of study 
This thesis includes a literature review, experimental work, and statistical analysis on the 
concrete mixing method and its effect on the properties of concrete. 48 batches of concrete 
from 12 pavement concrete mix proportions are performed. Four composition tests (unit 
weight, air content, coarse aggregate content and water content of mortar) and two 
performance properties tests (slump and 7-day compressive strength) are employed for each 
batch. An air void analyzer is used for evaluation of the air void characteristics of concrete 
mixed with three different mixing durations, two mixing sequences, three mix proportions, 
and two mixers. 
4 
CHAPTER 2. LITERATURE REVIEW 
2.1 Purpose of mixing 
Concrete, a widely used manmade material, is a combination of coarse and fine 
aggregates, cementitous materials, water, and admixture. The major purpose of mixing is to 
distribute all ingredients evenly to produce uniform mixtures (homogeneity). Mixing as a key 
process of concrete production also has impact on the concrete performance in addition to 
homogeneity. Inappropriate mixing will result in lumps or segregation associated with 
nonuniform mixtures, poor distribution of air voids, poor strength gain, and early-stiffening 
problems. The factors influencing the mixing process generally include type of mixer, mixing 
sequence, and mixing time. 
2.2. Concrete mixers 
Various concrete mixers are available on the market today, and they can be divided into 
two categories: continuous mixers and batch mixers. Continuous mixers are not very popular. 
In a continuous mixer constituents are continuously fed into the mixer at one end at the same 
rate as concrete is discharged at the other end. Batch mixers are more commonly used and 
they can be further classified as drum mixers (horizontal or inclined) or pan mixers (vertical) 
according to the orientation of the axis of rotation. Details of mixers, such as location, shape 
and angle of mixing blades, shape of the mixing chamber, rotation speed, and horsepower are 
designed empirically by the manufacturer to meet a wide range of concrete requirements. 
The report of RlLEM (Reunion Internationale des Laboratoires et Experts des 
Materiaux), Charonnat and Beitzel (1997) recommended qualification criteria of mixer 
efficiency through evaluation of the homogeneity of the mix. Mixer performance is 
characterized by the Coefficient of Variation (COV) of batch mix composition, including 
water content, fine-element content, large-element content, and air content (Table 1 and 2). 
Ferraris (2001) reviewed various types of concrete mixers commercially available for the 
concrete industry. She concluded that direct measure of the homogeneity of the concrete is 
the most reliable method for characterizing a mixer. 
Takada, Pelova and Walraven (1998) studied the influence of mixer types on the mixture 
proportion of self-compacting concrete (SCC). From experimental results, it is found that 
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sec is producible using a common tilting drum mixer instead of a forcing mixer by 
adjusting the water-to-powder volume ratio. When less intense mixing equipment is used, the 
water-to-powder volume ratio is increased depending on the type of chemical admixture, and 
this is explained by the mixing effect on powder dispersion and surface procession. 




Water content Drying Up to 1.5 m3: 15 
3 liters 
Elements< 0.25 mm Sieving Beyond: 15 + 2 (Capacity-1.5) 
Granular Distribution Up to 1.5 m3: 15 
Sieving 6-8 liters 
0.25 mm, Dl2, D Beyond: 15 + 2 (Capacity-1.5) 
Air Content Standard Test 6-8 liters 9 
Table 2 RILEM efficiency criteria for concrete mixers 
Mixers Performance Levels 
Criteria 
Ordinary Performance High Performance 
WIF, With F<0.25 mm SIM< 6 % SIM< 5 % SIM<3 % 
F Content, With F<0.25 mm SIM<6 % SIM< 5 % SIM< 3 % 
Dl2-D Content SIM<20% SIM< 15 % SIM< 10 % 
- ilAC <2 % ilAC < 1 % 
Air Content 
- S<l% s < 0.5 % 
Note: S and Mare indications of standard deviation and mean values. 
2.3. Mixing time 
The required mixing time should be based on the ability of the mixer to produce uniform 
concrete throughout a batch and from batch to batch. The time required to achieve this 
depends primarily on the design of the mixer and concrete material characteristics, including 
aggregate, cement content used, and admixtures. Inadequate mixing results in lower strengths 
and also in greater batch-to-batch variation. However, overly long times do not improve the 
quality of concrete and may severely limit the output of the batching plant. Unusually long 
mixing times may cause some breakdown of the aggregate and may reduce the air content. 
Cable and McDaniel (1998) evaluated the effects of mixing on field concrete 
performance, including hardened air content and distribution, potential segregation in the 
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hauling units of truck mixer, concrete consolidation quality at the paving site, workability of 
the concrete at the paving site, and retained course aggregate as per ASTM standard C94. 
They used a mixer employing rotation of blades within the drum and a conventional drum 
mixer at two different highway sites. They conclude that mixing times of 60 seconds or 
greater would have a positive influence on the physical characteristics of the concrete 
product. The research also indicates that reduced mixing times for alternative mixers can be 
applied only in specific circumstances when steps have been taken to change the mixing 
process to eliminate any particles of aggregate that are not coated upon discharge into the 
hauling unit. 
Too short a mixing time is often associated with a false setting for modem cement 
concrete. ASTM C359 or ASTM C451 (2002) defines false set as the early development of 
stiffness in the working characteristics of a Portland-cement paste, mortar, or concrete 
without the production of much heat. This stiffness can be dispelled and plasticity regained 
by further mixing without addition of water. False set is a significant loss of plasticity shortly 
after mixing due to the formation of gypsum or the formation of ettringite after mixing. In 
many cases, workability can be restored by remixing the concrete before it is cast. Inadequate 
or excessive mixing may result in loss of workability. If a paste was mixed for 30 seconds or 
less, it may stiffen early, and Powers (1968) coined the term brief-mix-set for such stiffening. 
This was most likely due to the cementing action that takes place among the reaction 
products that form on the cement grains through rapid reaction with water. Helmuth, Hill, 
Whiting and Bhattacharja (1995) advised that a one-minute mixing may be long enough to 
eliminate brief-mix-set in normal cement. However it may not be adequate to produce a well-
dispersed paste and diminish the false set behavior caused by the formation of weak gypsum 
crystals. While insufficient mixing time causes uniformity problems, over-mixing concrete 
also can also damage the quality of the concrete, by grinding the aggregate into smaller 
pieces, increasing the temperature of the mix, losing the slump, decreasing air entrainment, 
and diminishing the strength of concrete. Also, over-mixing causes needless wear on the 
drum and blades of the transit mixer. 
Beitzel ( 1981) studied the effect of the mixing time on the quality of the mixing by 
investigating the uniformities of distribution of sample characteristics such as water content, 
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powder content, and residue of the remaining size fraction on the 2 and 16 mm screens. Their 
results show that an optimum point for the mixing efficiency occurs in each different 
characteristic curve after a specific mixing time, He concludes that because the longer mixing 
time affects the uniformity of distribution more than the minimum mixing time, it is 
necessary to set upper limits as well as lower limits for mixing time to guarantee quality. 
2.4. Mixing procedures 
ASTM C94 and C305 contain the guidelines for traditional mixing procedures. Based on 
ASTM C94, some water should be added in advance of the cement and aggregate, and all the 
water should be in the drum by the end of the first one-fourth of the specified mixing time. 
The mixing procedures shall be comprised of the following steps: (1) part of the water is put 
into the mixer first, followed by some solid material (aggregate), (2) liquid admixture is then 
added with water; solid admixtures are added with other solid materials. If two or more kinds 
of solid admixtures are used, they should be added separately. ASTM C305 involves 
blending water with cement followed by the addition of fine aggregate to produce a highly 
uniform paste after sufficient mixing time. 
Soga, Takagi and Kimura (1986) reported that the characteristics of fresh concrete are 
controlled by the time interval from the beginning of the charging of mixing water to the end 
of concrete mixing regardless of dry mixing. The bleeding rate decreases with longer mixing 
time, higher revolution speed of the mixer, and lower charging speed of the mixing water. 
Osterberg (1994) studied how silica fumes-compacted, non-compacted and in-water 
suspension (slurry) affect the consistency of a high-performance concrete mix. The properties 
of fresh concrete are measured by a slump and with a BML-type concrete viscometer over a 
time interval varying from 5 to 60 minutes. The investigation included three different mixing 
procedures: 
(1) Cement and aggregate are dry mixed for 60 seconds then the mixer is stopped. 
Water and silica (slurry) are simultaneously added. The mixer is started and then 
run for 15-20 seconds. Finally the superplasticizer is added. 
(2) Crushed granite, 50% of the water and silica (slurry) are mixed for one minute, 
after which the mixer is stopped. Cement and the rest of the water are added in 
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sequence. The mixing then continues for 15-20 seconds, after which the 
superplasticizer is added. The mixer is stopped and gravel is added last. 
(3) Cement and crushed granite are dry-mixed for 10 seconds and the mixer is 
stopped. 80% of the water is added and the mixing procedure continues for one 
minute. Silica (slurry) is added. The mixing then continues for 15-20 seconds, 
after which the superplasticizer is added. The mixer is stopped. The rest of the 
water and the gravel are added. Final mixing proceeds for approximately three 
minutes. 
These authors concluded that the mixing procedure in which particles, particularly 
cement, are efficiently moistened is favorable. The mixing order when adding silica slurry to 
high-performance concrete is of importance in order to avoid the formation of lumps 
(coagulation). Silica slurry should not be added prior to the adding of the main bulk of the 
water. 
Research has shown that the time of the addition of admixture also affects the properties 
of concrete. Ferraris (2001) reported that the delayed addition of high-range water reducer 
admixture leads to a better dispersion of cement. Aiad, El-Aleem, and El-Didamony (2002) 
claimed that the lower the amount of high-range water-reducing admixture (HRWRA) 
absorbed by cement paste, the lower amount of water needed for constant fluidity. These 
results show that delaying the addition of admixtures increases the cement paste workability 
when compared with adding them at the beginning of concrete mixing. Okkenhaug and Gjorv 
(1992) studied the effect of delaying addition of air-entraining admixtures (AEA). Their 
research results show that adding the AEA together with the mixing water at the beginning 
of mixing produces a much higher total air content. However, the best air void system is 
produced when the AEA is added at the end of the mixing procedure, when a more uniform 
and well-dispersed mix has been established. 
Womer and Techen (1994) recommended five mixing procedures for the processing of 
synthetic short-staple fibers from the delivery in containers till the incorporation into 
concrete: (1) mixing the concrete as usual and adding of fibers later (2) mixing of fine 
aggregates, cement, and water, adding of fibers, adding of coarse aggregates (3) same as step 
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one using special separation equipment (4) same as step two using special separation 
equipment (5) dry mixing cement with fibers before the ordinary mixing procedure. 
Karl and Womer (1994) described mixing and workability of two types of foamed 
concrete (1) foamed concrete containing stable air cells uniformly-distributed in a mix 
including cement paste and, if any, fine natural sand aggregate and (2) lightweight aggregate 
foamed concrete where the interstitial voids between the coarse lightweight aggregate are 
filled with a porous matrix consisting of stable air cells. 
Gaynor (1996) observed the appearance of non-uniform parts in concrete mixture, 
including both head packs and cement balls in truck-mixed concrete. He finds that mixing 
speed and loading procedure are the two most important factors that affect uniformity. He 
suggests that a rate of 20 to 22 revolutions per minute is preferred in a truck-mixer, and one-
fourth of the water should be added in the mixture as the last ingredient to promote uniform 
m1xmg. 
Mixing also affected the rheology of fresh concrete. Yang and Jennings (1995) showed 
that the rheological behaviors of cement paste are strongly influenced by mixing methods 
during the first two hours. Poorly-mixed cement paste has more rapidly-increasing peak 
shear stresses than well-mixed cement paste (Figure 1 ). Agglomeration initially occurs in 
cement powder and later may remain in the paste due to insufficient mixing. Such 
agglomeration is considered to be responsible for the higher value and faster increase in peak 
stress. 
Chang and Peng (2001) studied the influence of mixing procedures on properties of high 
performance concrete (HPC) by evaluating flowability. Six mixing methods are used and the 
results indicate that adding super-plasticizers (SP) in water in a single dose and allowing 
sufficient mixing time can help to enhance the function of SP in mixing, hence ensuring 
workability. In addition, the investigation also suggests that the horizontal twin shaft concrete 
mixer is found to perform better than the drum type mixer in terms of reduced mixing time 
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Figure 1 Influences of mixing methods on the peak stress of cement paste (Yang 1995) 
Williams, Saak and Jennings (1999) investigated the effects of mixing shear rate on yield 
stress and viscosity of cement paste by using a rheometer. The extent of structural breakdown 
within the paste is evaluated as a function of mixer type and speed based on hysteresis loop 
area. Plastic viscosity is measured using the linear portion of the hysteresis loop down curve. 
The results show that well-mixed pastes exhibit a decreased propensity for further structural 
breakdown and a low plastic viscosity. The paste removed from a no-fines concrete has 
rheological properties similar to paste mixed at moderate speeds in a high shear blender 
which has a small amount number of agglomerates in the susceptible and well dispersed 
particles. 
Multi-step mixing is considered for improving the properties of concrete. The process of 
two-step concrete mixing involves the advance preparation of a cement paste or slurry that is 
then mixed with aggregate to produce concrete. The process of three-step concrete mixing 
involves (1) the advance preparation of a cement paste (2) production of grout paste and sand 
(3) production of concrete with coarse aggregate. The purpose of multi-step mixing is 
presumably intended to achieve efficient hydration of cement through more intimate contact 
between cement particles and water achieved in vigorous blending of cement paste. Different 
researchers developed different practices in this area and some theories were provided. 
Higuchi (1980) reported sand with optimum surface moisture, when mixed with cement, 
will be enveloped with a strong cement-paste shell. This cement-paste shell, with a water-
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cement ratio less than 25 percent, cannot be easily washed away, even in this fresh state. An 
application of this method to concrete production is called Sand Enveloped with Cement 
concrete (SEC). SEC concrete with its strong cement-paste shell touching is found to be 
substantially stronger than conventional concrete with the same overall water-cement ratio. 
Bleeding and settlement of coarse aggregate in SEC concrete is found to be negligible. SEC 
concrete is also found to be easily placed, thus offering ideal workability. 
Hayakawa and Itoh (1982) and Tamimi (1994) conducted similar research and confirmed 
that premixing cement with water of about 25% of the weight of cement is the most effective 
way to reduce bleeding of cement paste. This method is shown to also be applicable for 
mortar in that it improves the environment around sand particles by producing a coating with 
cement paste of lower water cement ratio. SEC concrete shows lower bleeding and higher 
compressive strength (7 and 28 days) than conventional concrete for both lab samples and a 
three-meter high wall specimen. 
Rejeb (1995) collected and analyzed multi-step mixing methods used in several countries, 
including high energy mixing method (USA), high speed slurry mixing method (Canada), the 
Tiemow method (Russia), the sand enveloped with cement method (Japan), the Triefe 
method (Belgium), two-step concrete mixing in Germany, three-step concrete mixing in 
Poland, and multi-step concrete mixing in the UK. He concludes that the method of mixing 
the binder followed by the addition of aggregate can reduce the amount of water and cement 
needed in the process and lead to an increase in strength. Results by Rejeb (1996) indicated 
that the strength of concrete mixed by the two-step is about 8-17% higher than the one mixed 
by normal methods (Table 3 and Table 4) or even higher by about 10-25% depending on the 
method, cement content, and grain size of aggregate at 28 days of age. 
Table 3 Properties of normal concrete (From Rejeb 1996, Table 4) 
Water-Cement Compressive Standard Variation 
Ratio 
Slump (cm) 
Strength (MPa) Deviation (MPa) Coefficient (%) 
0.40 3.5 45.20 1.68 3.71 
0.45 17.5 40.38 1.68 4.16 
0.50 24.0 36.76 1.59 4.32 
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Table 4 Properties of concrete mixed by two-step mixing method (From Rejeb 1996) 




Strength (MPa) Deviation Coefficient (%) 
0.40 4.5 50.97 2.52 4.94 
Pre-mixing of 
0.45 18.5 46.22 1.55 3.35 
cement paste 
0.50 24.5 42.17 1.94 4.60 
0.40 3.5 51.73 1.84 3.55 
Pre-mixing of 
0.45 18.0 47.15 1.43 3.03 
grout 
0.50 24.0 43.04 2.06 4.78 
Extensive research has been done on the mixing procedure from sequence and time of 
material introduction, moisture adjustment of materials and mixing process control. The 
performance of concrete is shown to be greatly influenced by mixing procedure. 
2.5. Effect of mixing on the interface zone in concrete 
Pope and Jennings (1992) investigated the influence of mixing on the microstructure of 
the cement paste/aggregate interface by back-scattered electron microscopy in conjunction 
with quantitative image analysis. They find out the paste/aggregate bond is improved by 
controlling the amount of water that comes into contact with the aggregate during mixing. 
The interfacial zone oflimestone mortar is reduced in size by controlling the water-aggregate 
contact through a pre-coating procedure proposed by Hayakawa and ltoh (1982) or by 
mixing the cement paste separately. The pre-coating procedure acts to reduce the size and 
effect of the water layer, which forms on the aggregate with a low w/c ratio slurry. The paste 
that is mixed separately reduces free water in concrete and thus provides a better distribution 
of anhydrous material around the aggregate. 
Tamimi (1994) continued the research of the SEC mixing technique by showing that the 
SEC mixing method resulted in higher micro-hardness at the paste-aggregate interfacial zone 
(Figure 2). This increase is attributed to continuous filling of the porous interfacial transition 
zone with hydration products, resulting in a high gel/space ratio as compared to the one-time-
water-adding conventional mixing method. 
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Figure 2 Micro-hardness at age of 28-day and 0.45 W JC ratio (Tamimi, 1994) 
Rougeron, Tagnit-Hamou and Laplante (1996) confirmed the effect of the SEC mixing 
technique on concrete properties, but they find that the effect of this technique is effective on 
short-term compressive strength only. By using a maturity concept the authors argue that the 
cause of strength increase is not due to a mechanical effect of the densification of the paste-
aggregate interface, but to thermal activation of cement hydration. In their experiment there 
exists optimum sand humidity. This value of the optimum (10% of water per mass of sand) 
corresponds to the formation of a thin layer of water around each sand grain. This film is 
investigated by proton nuclear magnetic resonance (N.M.R.) technology, which shows that 
the link between water and sand is due to physical tensile forces, while beyond 6% humidity, 
the links are due to Van der Walls forces, which are weaker than physical tensile ones. 
Microstructure of concrete under different mixing method has been studies to find out the 
mechanism of influence of mixing on the performance of concrete. But these studies seem to 
concentrate only on the interface of aggregate and paste. Other microstructure such as air 
void structure has not been in attention yet. 
2.6. Concrete mixing evaluation methods 
The performance or properties of concrete are determined by its microstructure, which is 
in tum determined by its composition, its curing conditions, and also by the mixing method 
and mixer conditions used to process the concrete (Ferraris 2001). Various criteria have been 
proposed to evaluate the quality of concrete mixing. 
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2.6.1 Uniformity measured by composition of concrete 
Uniformity (homogeneity) of concrete can be directly assessed by determining the 
distribution of the various constituents such as coarse and fine aggregates, mineral 
admixtures, and cement paste in the mixture. The concrete samples should be taken in 
various parts of a mixer or at various times during the discharge. The average of all the 
measurements collected for each parameter and the standard deviation are then calculated. 
The coefficient of variation (ratio of standard deviation to the average, CV) then gives a 
measurement of the homogeneity of the concrete produced, i.e., a smaller CV implies a more 
uniform mixture. Some standard methods available used for estimating composition of 
concrete include an air content test (ASTM C231), a washout and water content test (CRD-C 
55-92 and ASTM C94), and a unit weight test (ASTM C138). A few state-of-the-art 
composition tracking methods are summarized below. 
2.6.1.1 The automated fresh mix analyzer (AFMA) 
In France Laboratoire Central des Ponts et Chaussees (LCPC) developed a prototype 
device for measuring the heterogeneity of material mixes from a size-grading viewpoint: the 
automated fresh mix analyzer. This device is divided into two parts: 
(a) A washer and a dryer for removing fine particles (all particles less than 80 µmin size) 
(b) A material sorter using a vibrating screen and a video-display size grader. 
Once the results are processed, a grading curve is obtained for the mix and this curve 
broken down into the various concentrations of grain size categories. This device is designed 
for characterizing a large number of samples, thereby determining material heterogeneity 
through evaluating the standard deviation in these concentrations. However, in the study of 
Vandanjon et al (2003), AFMA gave rise to a somewhat dispersed set ofresults. This is 
attributed to an insufficient volume of concrete sampled by the author. 
2.6.1.2 Radioactive tracing of fines 
The method consists of marking the fly ash derived from 99 m Technetium. This fly ash 
is mixed as a part of a concrete production process. The fresh concrete obtained is then used 
to draw test samples. Photoelectron multipliers are used to measure the activity of forty 1.8 
Kg samples, and the results are used to trace the heterogeneity of the fly ash-based mortar. 
This level of heterogeneity can be determined by calculating the coefficient of variation in 
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fly-ash concentration. However, in the study by Vandanjon et al (2003), the test fails to 
distinguish between a mixing time of 20 seconds and one of 90 seconds for a concrete 
composed of Portland cement with fly ash (Table 5). This researcher explains that the 
heterogeneity is proportional to fly ash concentration for a 9 Kg measurement scale, which is 
of the same order of magnitude as the sampling error 
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Bosco lo, Mangiavacchi and Tuzzi ( 1993) showed that the moisture in a concrete mixture 
can be monitored based on a principle of microwave energy. Water absorbs approximately 
100 to 500 times as much (depending on frequency) microwave energy as an identical 
quantity of dry materials. The microwave-absorption technique provides an accurate method 
for measuring moisture of concrete in a mixer without taking samples: instead it continuously 
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Figure 3 Typical mix cycle with one-shot water addition (Laffan) 
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Assenheim (1993) described the basic theory of a microwave moisture sensor system 
used in concrete. The method presumes a measurement of two different absorption 
parameters of material, which can overcome the problem of density dependence properties. 
Moisture sensor 
Figure 4 Moisture sensor and its installation 
Board (1997) used the moisture sensor made by Hydronix to monitor the moisture change 
in a concrete mixer through microwave reflection. He discovered that a time interval would 
be necessary for concrete to reach a stable moisture content from different parts and the time 
for concrete to reach this moisture reading varies with mixture and mixing sequence. 
2.6.1.4 Air void analyzer (AV A) 
In most parts of the United States, damage caused by freezing and thawing is a serious 
durability problem for concrete structures. The damage is exacerbated in pavements and 
bridge decks by the use of deicing salts, often resulting in severe cracking, deterioration and 
surface scaling. The air void system in concrete is regarded as the most significant factor in 
freeze-thaw resistant concrete according to Powers (1968) and Schlorholtz (1998). The 
pressure developed by water as it expands during freezing depends upon the distance the 
water must travel to the nearest air void. The voids must be spaced close enough to relieve 
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the pressure. Thus, smaller, closely spaced voids provide better protection than larger, more 
distant void spacing. 
Current lab or field test methods are only capable of measuring the volume of air voids, 
not the size or spacing of the voids. Researchers in Europe developed the air void analyzer 
(AV A) in the late 80s to characterize the air-void structure of fresh concrete according to 
Magura (1996). AASHTO TIG (2003) mentions that European researchers performed 
research to validate the AV A results by comparing its results to those obtained using 
petrographic examination (ASTM C457). Reports of this research work indicate good 
correlation between test methods. Consequently, it is concluded that the AV A could be used 
as a quality control tool to ensure the desired air void characteristics (i.e., size and spacing). 
The clear advantage of the AV A is its ability to obtain air void structure information on fresh 
concrete in less than 30 minutes. With this information, adjustments can be made in the 
production process to rectify any problems with the air void system during concrete 
placement. 
Magura (1996) introduced that the first AVA unit in the U.S. was used by the Federal 
Highway Administration (FHWA) in 1993. The research work confirms that the AVA can 
detect substandard air void systems with accuracy comparable to that of petrographic 
examination. Wojakowski (2002) claimed that in roughly 2/3 of the cases where the air void 
system did not meet generally accepted durability criteria based upon both AV A results and 
petrographic examination where the concrete did meet air content (volume) specifications 
based upon pressure meter tests. In other words, in 2/3 of the cases where a deficient concrete 
is delivered, current test practices deems the concrete acceptable. This clearly highlights a 
problem with current testing practice. Moreover, roughly half of the concretes tested with the 
AV A by FHW A did exhibit inadequate air-void systems. 
The AV A is based on the principle that air in a concrete mortar under certain 
circumstances can be transferred to a liquid without affecting quantity or size distribution of 
particles through the liquid with certain viscosity. Stoke's law describes the movement of the 
air voids (bubbles) after they are released from the cement paste and introduced into the 
liquid: the large bubbles rise faster than the small bubbles. A complete distribution of the air-
void system is determined by tracking the volume of air that has risen to a given level over 
18 
time. From this distribution, the volume, spacing, and size of air voids is established. The 
mortar sample analyzed in the AVA is extracted from a concrete test specimen (such as a 
cylinder or beam), or from any in-site horizontal concrete surface such as a pavement or 
bridge deck. 
2.6.2 Performance properties test 
Using the measured macroscopic properties to reflect the uniformity of concrete relies on 
the assumption of the dependency of the properties on the concrete composition. Therefore it 
is an indirect assessment. Meanwhile, other properties are of interest in practice. 
2.6.2.1 Workability measurement of pavement concrete 
Workability is the property determining the effort required to manipulate (placing, 
compacting, and finishing) a freshly mixed quantity of concrete with minimum loss of 
homogeneity according to the definition of ASTM C125. Workability can be expressed 
through various aspects. Consistency describes the easiness of the flow while cohesiveness 
describes bleeding and segregation. 
The slump cone test is used world-wide in the lab and field for its repeatability and 
simplicity. It measures the static yield stress of concrete, but is not suitable for measuring 
concrete with too low or too high slump, so it is not an ideal test for measuring the 
workability of pavement concrete. 
The Vebe consistometer is a suitable test for determining differences in consistency of 
very dry mixes, but it may be difficult to determine the end point of the test. 
Vibrating-slope apparatus (VSA) is an equipment developed by FHW A to provide 
additional information on workability of low-slump fresh concrete. VSA can be used to 
evaluate workability of pavement concrete with a slump less than two inches. The VSA 
measures the rate of discharge of concrete from a chute placed at two different slopes under a 
constant speed of vibration. Peak discharge rates are used to calculate a workability index, W, 
according to the equation W = (R2-R1)/(A2-A1), where Wis the slope of the line formed by 
plotting peak discharge rate as a function of chute angle for two test runs. R1 and R2 are the 
maximum flow rates at two different chute angles, and A1 and A2 are the two angles. VSA is 
still under development and evaluation. 
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2.6.2.2 Mechanical properties measurement of pavement concrete 
Compression tests (ASTM C31) and beam load tests (ASTM C78) are two common used 
methods for pavement concrete quality control and mixer performance test. 
2.6.2.3 Durability properties measurement of pavement concrete 
Very little research has been done on durability criteria for the evaluation of concrete 
mixing. Vandanjon et al (2003) used the accelerated carbonation test on a 110*220 mm 
cylinder. The cylinder samples were maintained in 20 °C water for 30 days and then oven-
dried for two days at 40 °C. Next, they were cooled at an ambient temperature of 23 °C and a 
relative humidity of 63 % for three days, before being placed for 14 days in an accelerating 
carbonation chamber. During this phase, the temperature varied between 19 and 22 °C, while 
humidity remained in the range of 60-95%. The C02 concentration increased gradually from 
0 to 50%. Average carbonation depth was measured by the phenolphthalein method. 
More attention is needed in this area for the concrete mixing evaluation. The air void 
analyzer, which jointly assesses composition and durability performance, is a promising tool 
for the mixing study and will be evaluated through this study. 
2.6.3 Mixing energy track 
Soga, et al ( 1986) used the device shown in Figure 5 to measure electric power 
consumption during concrete mixing. The characteristics of fresh concrete are greatly 
affected by the type of mixer, the mixing method, and mixing time. From the results of these 
experiments, it is confirmed that the most effectual factors influencing mixing energy are 
mixing time and mixer revolutions , and that the quality of fresh concrete can be estimated 
based on the amount of mixing energy. 
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Figure 5 Mixer power consumption measuring system (Soga, 1986) 
Charonnat et al ( 1997) proposed a qualification procedure with reference to the 
recommendation ofRILEM TC 150, "Efficiency of Concrete Mixers". The evolution of 
homogenization in the course of the production cycle is tracked by displaying the mixing 
energy. The application of this concept, through the choice of a good mixer, a check of 
attainment of the objective, and assurance of permanent monitoring of the mixing operation, 
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Figure 6 The electric current curve of the mixer (Nishizaki, 1999) 
Nishizaki, Kamada, Chikamatsu and Kawashima (1999) tracked the electric current of 
the mixer to manage self-compatibility, which varies due to fluctuations in production 
material quality, and particularly changes in the surface moisture of the fine aggregate. The 
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adjustment of water content is made to correct a deviation on the level of electric current 
toward a predetermined target value at the end of the mixing operation. As shown in Figure 6, 
mixing power in terms of electric current is monitored in every batch, and used to confirm 
uniformity and/or changes in concrete workability. 
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Figure 8 Wattmeter reading from different mixing time (Vandanjon et al 2003) 
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Kakizaki, Edahiro, Tochigi and Niki (1992) studied three different mixing procedures 
using power consumption curves (Figure 7). A definition of mixing energy is provided. By 
using a wattmeter, Vandanjon et al (2003) compared the mixing processes and stabilization 
time of the energy curves corresponding to four different mixing times. 
2. 7 Implications for research 
Challenges have occurred in the practice of concrete mixing. On the one hand new 
mixers are been developed by manufacturers to provide more intense mixing. while on the 
other hand the constituents of modem concrete are more complex than before because of the 
usage of SCMs and other admixtures, so questions have been raised with respect to 
operation (mixing time and mixing sequence) and mixing evaluation. The literature describes 
extensive mixing studies that have been carried out to find out how mixing (mixer, mixing 
time and mixing procedure) affects the performance of the concrete. Various methods have 
been reviewed, e.g., the composition check, workability test, mixing energy tracking, 
mechanical property, microstructure, and rapid durability test. So far there are no consensus 
criteria for the evaluation of quality of concrete mixing, but some implications have been 
observed in this study. 
The major objective of mixing is to achieve uniformity in concrete mixture. Since there is 
no clear definition for uniformity of concrete, general composition properties (uniformity) 
together with performance properties, have been proposed as joint indicators for evaluation 
of mixing by providing a Coefficient of Variation within the same batch. Very few studies 
have paid attention to the material and mixing compound effect, which would be necessary to 
determine for a new mixer or different concrete material or both. 
Durability considerations need to be included in the evaluation of concrete mixing. The 
air void system is an important component of concrete and has a close relationship with 
freeze-thaw resistance. As a new technology, AVA has emerged since the 1990s and has the 
capability to provide real-time and in-depth information about the air void system. Thus it 
would be appropriate to apply this state-of-the-art tool for concrete mixing evaluation. 
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CHAPTER 3 . EXPERIMENTAL WORK 
3.1 Materials 
The chemical and physical properties of the cementitious materials used in this study are 
summarized in Table 6. Portland cement is an ASTM type I cement and meets the 
requirements of ASTM C 150. Class C and class F fly ashes meet the appropriate 
requirements of ASTM C 618. Concrete sand with a fine modulus of 2.92 and a limestone 
with a nominal maximum size of 1 inch are used for all the concrete mixes. An air-entraining 
agent (AEA), Daravair 1000, is employed in all mixes to gain an approximately 6% air 
content for the concrete. The AEA dosages vary with mixes and are shown in Table 7. The 
water reducer (WR) from the same company is applied to selected concrete mixes. 
Table 6 Chemical and Physical Properties of Cementitious Materials 








(Na20) eq1 0.52 
S03 2.96 
LOI 0.8Q 
Mean size (µm) 23.7 
Specific gravity 3 .15 
1(Na20) eq. = (Na20) + 0.658 (I<20) 
3.2 Mix proportions 


























A total of twelve concrete mix proportions from two concrete series specified by the Iowa 
DOT are used in the first part of this study. Explanations of the various mix designations are 
as follows: 
- The first letter 'C' designates the class of concrete, specified for use in both paving and 
structures. All of the twelve mixes are the normal paving mix used in primary paving. 
- The number after the first letter indicates the relationship of coarse aggregate to fine 
aggregate by volume: '3' is composed of 45% fine and 55% coarse aggregate; '4' is 
composed of 50% fine and 50% coarse aggregate. 
- The letters 'WR' indicate water reducer is used in this mixture. 
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- When a 'C' or an 'F' is shown toward the end of the mix number, class C or class F fly 
ash, respectively, is used (usually 15% ofreplacement for cement). 
Table 7 Mixture proportions for the uniformity study 
Mixture Cement Fly Ash Binder Water Sand CA* AEA WR W/B 
(lb/yd3) (ml/lOOlb cement) 
C3 603 0 603 260 1339 1684 28 0 0.43 
C-3-C 513 91 604 260 1334 1675 28 0 0.43 
C-3-F 513 127 640 271 1303 1638 38 0 0.42 
C-3WR 572 0 572 246 1370 1716 28 107 0.43 
C-3WR-C 487 86 573 246 1365 1706 28 128 0.43 
C-3WR-F 487 118 605 256 1339 1675 35 142 0.42 
C4 624 0 624 268 1467 1511 27 0 0.43 
C-4-C 529 95 624 268 1463 1502 28 0 0.43 
C-4-F 529 131 661 280 1427 1470 45 0 0.42 
C-4WR 593 0 593 254 1503 1538 29 145 0.43 
C-4WR-C 503 86 589 256 1494 1529 29 125 0.44 
C-4WR-F 503 127 630 266 1463 1497 25 97 0.42 
*CA is stands for coarse aggregate. 
The proportions for each mixture are given in Table 7. The difference between the 
proportions of the C3 and C4 series is the relative percentage of fine and coarse aggregates as 
indicated above. Compared with the C3 series, the C4 series has a higher fine aggregate 
percentage therefore more cement paste is needed to cover the surface of the aggregate. C3 is 
considered as the basis for all the other mix proportions within the C3 series, as is C4 for the 
C4 series. 
a) C-3-C has the same amount of binder, fine and coarse aggregate as C3. The only 
difference is that 15% of the cement is replaced with class C fly ash. 
b) C-3-F is increased by 40 lbs/yd3 binder content and 0.01 water binder ratio over the 
mix proportion of C-3-C while reducing the fine and coarse aggregate content. 
c) C-3WR reduces 30 lb/yd3 of the cement by addition of water reducer while keeping 
the water binder ratio and increasing the fine and coarse aggregate content. 
d) C-3WR-C further has a 15% replacement with class C fly ash with respect to the 
basis of C-3WR proportions. 
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e) C-3WR-F is similar to C3, except replacement of cement with 20% Class F fly ash 
and addition of water reducer to reduce the water binder ratio by 0.01. 
The C4 series has the same mix proportion adjustments with the C3 series and is not 
presented. For the second experimental part of this study, the C-4 mix proportion is used as 
the basis and a total of three mix proportions are used. To determine the effect of mixture, 
replacing with 15% of class C fly ash (C-3-C) and addition of water reducer (C3-WR) are 
used for another two mix proportions as the modification of the standard C-4 mix. 
3.3 Test methods 
3.3.1 Standard tests used for concrete uniformity evaluation 
The standard tests listed below are used to estimate the average and variation of the 
properties and distribution of constituents within a batch of freshly mixed concrete, based on 
which the uniformity evaluation could be made. 
• Unit Weight - Just before the air content is measured, the unit weight is taken 
according to ASTM C138, "Standard Test Method for Unit Weight, Yield and Air 
Content of Concrete". The samples are taken from the top and lower layers of 
concrete from the mixer. 
• Air Content - Air content of fresh concrete is measured by the pressure method 
per ASTM C231, "Standard Test Method for Air Content of Freshly Mixed 
Concrete by the Pressure Method". 
• Water Content of Sieved Mortar - Mortar samples are sieved through No. 4 sieve 
and weighed before and after microwave heating following Corps of Engineer 
Standard CRD-C 55-92, "Test Method for Within-Batch Uniformity of Freshly 
Mixed Concrete". 
• Coarse Aggregate Content - Coarse aggregate contents were measured in 
accordance with ASTM C94, "Specification for Ready-mixed Concrete'', 
• Slump - After mixing a batch of concrete, the appearance of the mix is noted and 
slump is checked according to ASTM C143, "Standard Test Method for Slump of 
Hydraulic Cement Concrete". 
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• 7-day Compressive Strength - The cylinders samples are fabricated according to 
ASTM C 192, "Standard Practice for Making and Curing Concrete Test 
Specimens in the Laboratory", and compressive strengths are tested at a 7-day age 
according to ASTM C39, "Standard Test Method for Compressive Strength of 
Cylindrical Concrete Specimens". 
3.3.2 Air voids analyzer test 
In this study the AV A (Figure 9) test is performed on a sample of mortar from a cylinder 
specimen. The sample of mortar is extracted using a 20 ml syringe and vibrated into the fresh 
concrete with a percussion drill. This sample is injected into the bottom of the AVA testing 
device, a temperature-conditioned riser column assembly that contains a layer of analysis 
liquid under a column of water. The analysis liquid has specific properties that ensure that the 
air void system in the fresh mortar is released into it without affecting the quantity or sizes of 
the air voids. 
Figure 9 Photo of Air Void Analyzer (AV A) 
From these data the specific surface, average spacing factor, and total air content of the 
concrete are calculated following procedures similar to those used in ASTM C 457. The 
entire test takes around 20-40 minutes to conduct depending on the fineness of the air-void 
characteristics. The A VA test report includes the total volume of air less than 0.12 inches (3 
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mm) in average diameter, spacing factor, and specific surface. Since the entrapped air is not 
measured, the volume of air reported is less than the total air content determined by 
traditional methods, and represents the entrained air content of the concrete. 
3.4 Mixing Methods 
3.4.1 Mixing methods used in the uniformity tests 
To investigate the validity of the coefficient of variation of the constituents as the 
uniformity criteria and how materials (common mix proportions) and mixing act on the 
properties of concrete, two mixing methods are applied. The first is the standard ASTM C 192 
lab mixing procedure indicated as Standard (S) Mixing, and the other is a one-step 2 minutes 
mixing referred as Non-Standard (N) mixing. 
Standard ASTM C 192 lab mixing procedure (Multiple-step mixing procedure): Coarse 
aggregate and a portion of the water with AEA are premixed about 30 seconds. Then sand, 
cement and the remainder of the water are added, after which the mixer runs for three 
minutes. The mixer is stopped for 3 minutes, after which the mixer runs for another 2 
minutes. 
Non-standard mixing procedure (One-step mixing procedure): All the materials including 
coarse aggregate, sand, cement and water are loaded and the mixer runs for 2 minutes. 
3.4.2 Mixing methods used in the AV A tests 
Three mixing methods are used to prepare samples for AVA tests. They are: 
1) Standard ASTM C 192 lab mixing procedure 
2) One-step mixing 
3) Two-step mixing 
The standard ASTM Cl92 lab mixing procedure is used as the reference. The one-step 
mixing procedures is the same as that used in the uniformity tests and 1, 2, 4 minutes mixing 
time are applied to investigate the effect of mixing time on the air void system of fresh 
concrete. In two-step mixing method, cementitous materials, sand and half of the water are 
first mixed for 2 minutes. Coarse aggregate and the remainder of the water are then added 
and mixed together for another 2 minutes. 
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CHAPTER 4 . TEST RESULTS AND ANALYSIS 
This chapter presents the test results from uniformity evaluation using ASTM standard 
tests and mixing evaluation using the air voids analyzer. 
4.1 Uniformity tests 
The twelve most common pavement concrete mix proportions specified by the Iowa DOT 
(six C3 series and six C4 series shown in table) are used in this study. As described in 
chapter 3, two different mixing methods, standard ASTM lab mixing and one-step two-
minute mixing, are applied twice for each mix proportion to provide replication. A total of 
forty-eight batches of concrete are produced for uniformity evaluation. Two measurements of 
unit weight (ASTM C138), air content (ASTM C231), water content of sieved mortar 
(ASTM C94), coarse aggregate content (ASTM C94), and slump test (ASTM C143) are 
conducted from the top and bottom layers of the same concrete batch. Three cylinders 
sampled from equal separation distances in the batch are fabricated for the 7-day 
compressive strength (ASTM C39) test. 
The averages and ranges of measurements from the same batch are calculated for all the 
tests. Then the coefficient of variation (CV) is calculated by dividing the range by the 
average (Since there are only two measurements for most cases in this experiment, the range 
instead of the standard deviation is used for the calculation). The batch average reflects the 
general trend and the CV indicates the uniformity of the batch due to the influence of both 
the mixing and mix proportion. Statistical software of JMP™ from the SAS institute is used 
in this study for statistical analysis, which is conducted for C4 and C3 series separately 
according to its mixture origin. 
For the statistical analysis, the experiment is treated as a two-factor complete 
randomization design. The average property values and the CV s from the same batch are 
used as the responses. Average responses include Average Unit Weight, Average Air 
Content, Average Water Content, Average Coarse Aggregate Content, Average Slump, and 
Average 7-day Strength; CV responses include CV Unit Weight, CV Air Content, CV Water 
Content, CV Coarse Aggregate Content, CV Slump, and CV 7-day Strength. 
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The factors of interest are Mix Proportion expressed as Mixture ( 6 C3 series or 6 C4 
series) and Mixing Method expressed as Mixing (S, Standard refers to the ASTM Lab mixing 
method, N, non-standard here is the one-step two-minute mixing method). 
According to JMP help manual, the statistical terminology used in this study includes: 
I) Interaction: In statistics, interaction is present if the effect of one factor, as 
measured by differences in the responses in the responses' averages, is different 
for different levels of the other factor. The interaction graph plots cell averages as 
points and joins the points by line segments in a way that provides comparison of 
slopes of the line segments. If the differences are equal, the line segments will be 
parallel. If the lines are not close to parallel, interaction is present. 
2) F ratio: F Ratio is the ratio of mean square for an effect to mean square for error. 
It tests the hypothesis that the effect is zero. 
3) The P value: Prob> F, is the probability of obtaining a greater F-value by chance 
alone if the variation due to lack of fit variance and the pure error variance are the 
same. A high P value means that an insignificant proportion of error is explained 
by lack of fit. The P value reported along with the F ratio testing helps to 
determine whether the variance of two groups is identical. 
4) Parallel dot graphs presented the distribution of raw data results with one factor 
and are provided to observe trends within the test results. 
5) Tukey HSD (honestly significant difference) is used as the criteria for detecting of 
mean differences of different groups in this study. There are a variety of methods 
to test differences in group means (multiple comparisons). For all Pairs, Tukey 
HSD gives a test that is sized for all differences among the means. 
4.1.1 Concrete unit weight 
Unit weight data (six mix proportions from C3 and six from C4 series) are graphically 
shown in Figure I 0 to compare the standard and non-standard mixing methods among all 
mixtures. The rule of data sign is the same for all the parallel dot graphs throughout this 
study. Letter S indicated the standard mixing method while letter N represented the non-
standard mixing method. The first number following SIN is the batch number and the second 
is the measurement number. For example, Sl-1 denoted the first measurement from batch 
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one produced by standard mixing. In the plots it is evident that unit weights of mix C3-WR, 
C3-WR-C and C4-WR, C4-WR-C show considerable differences when mixing changes from 
the standard to the non-standard method and relatively large variation between the first and 
the second measurement exists. The calculated unit weight for different mix proportions are 
also shown in the figure as the dashed line. C3, C3-C and C3-F had higher unit weight than 
calculated. 
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Figure 10 Unit weight for all the mixtures 
The interaction plots for both average unit weight and CV of unit weight are shown in 
Figure 11 (C4 series) and Figure 12 (C3 series). Figure 11 shows that the lines of standard 
and non-standard mixing method are not parallel, which indicates that there is an interaction 
between mixing method and mixture for the average and CV unit weight. It can also be seen 
that had it not been for C4-WR, C4-WR-C (mix proportions are close), there wouldn't be 
such interaction. Figure 12 shows a similar interaction plot of C3 series mixes and C3-WR 




































::::> :> 0.5 
0 
-0 .5 
C4-C C4-F C4-WR CHVR-C C4-WR-F C4 C4-C C4-F C4-WR C4·WR·C C4-WR-F 
C3-C 
Mixture Mixture 
Figure 11 Interaction plot for Average and CV Unit weight (C4 series) 
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Figure 12 Interaction plot for Average and CV Unit weight (C3 series) 
Table 8 ANOV A for avera2e unit weii:;ht (C4 series) 
Source DF SS MS F Ratio Prob> F 
Mixture 5 52.125883 10.42518 13.7977 0.0001 
Mixing 10.140000 10.14000 13.4202 0.0032 
Mixture*Mixing 5 35.125750 7.02515 9.2978 0.0008 
Model 11 97.39163 8.85378 11.7179 <. 0001 
Error 12 9.06690 0.75558 
C. Total 23 106.45853 





To determine the significance of the differences among the factors and treatments of the 
average and CV unit weight, an analysis of variance (ANOVA) is conducted using JMP. The 
P values reported along with the F ratio are presented in Tables 8 and 9 (C4 series) and 
Tables 10 and 11 (C3 series). 
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Table 9 ANOV A for CV of unit weight (C4 series) 
Source DF SS MS F Ratio Prob> F 
Mixture 5 3.9812967 0.796259 2.6958 0.0739 
Mixing 2.0774701 2.077470 7.0335 0.0211 
Mixture*Mixing 5 4.3395290 0.867906 2.9384 0.0585 
Model 11 10.398296 0.945300 3.2004 0.0286 
Error 12 3.544407 0.295367 
C. Total 23 13.942703 
Based on the C4 series analysis results at Table 8, the interaction between mixture and 
mixing is prominent. The F ratio of the interaction term equals 9.2978, which corresponds to 
a P value of 0.0008 (< 0.05). Since this P value is so small, there is a statistically significant 
interaction between mixture and mixing method on the average unit weight of the C4 series. 
For the interaction term in Table 9, there is an F ratio of 2.9384, which corresponds to a P 
value of 0.0585. Even though this P value is slightly over 0.05, because Figure 11 shows a 
clear interaction pattern it is concluded that there is significant interaction between mixture 
and mixing method on CV unit weight of C4 series. 
Table 10 ANOVA for Batch average unit weie;ht (C3 series) 
Source DF SS MS F Ratio Prob> F 
Mixture 5 62.640483 12.52810 18.1064 <.0001 
Mixing 5.821350 5.82135 8.4134 0.0133 
Mixture*Mixing 5 31.489150 6.29783 9.1020 0.0009 
Model 11 99.95098 9.08645 13.1323 <.0001 
Error 12 8.30300 0.69192 
C. Total 23 108.25398 
According to the C3 series analysis results in Table 10, the F ratio of the interaction term 
equals 9.1020, which corresponds to a P value of0.0009 (< 0.05). Since the P value is so 
small, there is a statistically significant interaction between mixture and mixing method on 
the average unit weight of C3 series. For the interaction term in Table 11, there is an F ratio 
of 6.0173, which corresponds to a P value of 0.0052(< 0.05). Since the P value is so small, 
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there is a statistically significant interaction between mixture and mixing method on the CV 
unit weight of C3 series. 
Table 11 ANOVA for CV of unit weight (C3 series) 
Source DF SS MS F Ratio Prob> F 
Mixture 5 3.4534024 0.690680 5.5198 0.0072 
Mixing 1.4411821 1.441182 11.5177 0.0053 
Mixture*Mixing 5 3.7646363 0.752927 6.0173 0.0052 
Model 11 8.659221 0.787202 6.2912 0.0018 
Error 12 1.501531 0.125128 
C. Total 23 10.160752 
Table 12 Multiple comparisons of the Average Unit Weight (C4 series) 
Mixture Origin Level Difference Indicator Least Sq Mean Difference 
C4,N A 146.370 
C4 1.375 
C4,S A 145.035 
C4-C,N A 146.370 
C4-C 0.19 
C4-C,S A 146.560 
C4-F,N A 145.990 
C4-F 0.95 
C4-F,S A 145.040 
C4-WR,N B c 141.230 
C4-WR 4.19 
C4-WR,S A 145.420 
C4-WR-C,N c 139.710 
C4-WR-C 4.94 
C4-WR-C,S A B 144.650 
C4-WR-F,N A B 144.080 
C4-WR-F 0.765 
C4-WR-F,S A 144.845 
Note: Alpha=0.050 Q=3.96923 Std Err Dif=0.86924 LSMeans Differences Tukey HSD=3.45 
Because of the existence of interaction between the mixture and mixing method, the 
effects of mixing method have to be evaluated individually for each different mixture 
proportion. Multiple comparisons of the same mixture with different mixing methods, which 
is the interest of this study, are carried out to determine where significant differences are. The 
multiple comparison method (used in all the comparisons) is based on the experiment wise 
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error rate because the chance error can increase with the number of comparisons when 
several single comparisons are made. The differences among the identified mixes are further 
reviewed when applicable based on relevant engineering practice. 
Table 13 Multiple comparisons of the CV Unit Weii:;ht (C4 series) 
Mixture Origin Level Difference Least Sq Mean Difference 
C4,N A B 0.781 
C4 0.781 
C4,S B 0.000 
C4-C,N A B 0.260 
C4-C 0.259 
C4-C,S A B 0.519 
C4-F,N A B 0.783 
C4-F 0.258 
C4-F,S A B 0.525 
C4-WR,N A B 2.153 
C4-WR 1.629 
C4-WR,S A B 0.524 
C4-WR-C,N A 2.180 
C4-WR-C 1.654 
C4-WR-C,S A B 0.526 
C4-WR-F,N A B 0.792 
C4-WR-F 0.532 
C4-WR-F,S A B 1.324 
Note: Alpha=0.050 Q=3.96923 Std Err Dif=0.54348 LSMeans Differences Tukey HSD=2.16 
Based on the Tukey HSD criteria, the average unit weight ofC4-WR and C4-WR-C 
(groups with a square edge in Table 12) have statistically different least square means for 
standard and non-standard mixing. For both C4-WR and C4-WR-C mixes, an average 
standard mixing method produced 4.19 and 4.94 pcfhigher unit weight than the non-standard 
mixing method. For the rest of the mixes, C4, C4-C, C4-F and C4-WR-F, standard and non-
standard mixing methods did not result in difference on the average unit weight. 
According to Table 13, no mixes have statistically different CV in unit weight when 
mixing method is changed from standard to non-standard. However, the C4-WR and C4-
WR-C mixes show considerably different CV in unit weight, slightly below the HSD criteria. 
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Table 14 Multiple comparisons of the Average Unit Weight (C3 series) 
Mixture Origin Level Difference Least Sq Mean Difference 
C3,N A 146.75 
C3 0.57 
C3,S A 147.32 
C3-C,N A 148.08 
C3-C 1.33 
C3-C,S A 146.75 
C3-F,N A B 146.56 
C3-F 0.95 
C3-F,S A B c 145.61 
C3-WR,N B c D 143.32 
C3-WR 3.62 
C3-WR,S A 146.94 
C3-WR-C,N D 142.18 
C3-WR-C 4.57 
C3-WR-C,S A 146.75 
C3-WR-F,N c D 142.94 
C3-WR-F 0.57 
C3-WR-F,S c D 142.37 
Note: Alpha=0.050 Q=3 .96923 Std Err Dif=0.83182 LSMeans Differences Tukey HSD=3.30 
For the analysis results of C3 series in Tables 14 and 15, the average unit weight of C3-
WR and C4-WR-C (groups with a red square edge in Table 14) have statistically different 
least square means when using standard and non-standard mixing methods. For both C3-WR 
and C3-WR-C mixes, on average the standard mixing method produced 3.62 and 4.57 pcf 
higher unit weight than the non-standard mixing method. The standard mixing method 
produced 1.6 % lower CV in unit weight of C3-WR-C compared with non-standard mixing 
method and this difference is statistically significant, which indicates that for C3-WR-C mix, 
the standard mixing method produces a more uniform mix in terms of unit weight. C3-WR 
shows the same trend but the difference in CV unit weight didn't reach the statistical criteria 
since there are only two repetitions for each treatment. 
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Table 15 Multiple comparisons of the CV Unit Weight (C3 series) 
Mixture Origin Level Difference Least Sq Mean Difference 
C3,N A B 0.778 
C3 0.778 
C3,S B 0 
C3-C,N B 0 
C3-C 0.258 
C3-C,S B 0.258 
C3-F,N A B 0.519 
C3-F 0.266 
C3-F,S A B 0.785 
C3-WR,N A 1.857 
C3-WR 1.339 
C3-WR,S A B 0.518 
C3-WR-C,N A 1.872 
C3-WR-C 1.612 
C3-WR-C,S B 0.260 
C3-WR-F,N B 0.267 
C3-WR-F 0.265 
C3-WR-F,S A B 0.532 
Note: Alpha=0.050 Q=3.96923 Std Err Dif=0.35373 LSMeans Differences Tukey HSD=l.40 
In summary, due to a significant interaction between mixture and mixing method, the 
effect of mixing method on the both average and CV unit weight is evaluated individually for 
each mix. On average the standard mixing method produces a statistically higher average unit 
weight than the non-standard mixing method for mix ofC4-WR, C4-WR-C, C3-WR and C3-
WR-C; the standard mixing method yields a lower CV of unit weight than the non-standard 
mixing method for a mix ofC3-WR-C, while C4-WR, C4-WR-C and C3-WR shows 
considerable lower CV in unit weight. 
4.1.2 Concrete air content 
Air voids, an important aspect of concrete, are mainly formed during mixing. Air content 
data are presented in Figure 13. Apparently the mixtures incorporated with water-reducer, 
C3-WR, C3-WR-C, C3-WR-F, C4-WR, C4-WR-C and C4-WR-F, are more influenced by 
the mixing method. Relatively large variations between the first and the second 
measurements can be seen for mixes produced by the non-standard mixing method. The 










+ S1--1 + S1--2 x S2--1 x S2--2 

















-$- ~ ----- -----4- --- --~ 
~ ·i i x ~ I 




CJ CJ.C CJ-F CJ.WR C3..WR.C CJ..WR-F C4 C4.C C4-F C4..WR C4..WR.C C4..WR-F 
C3 Series Mixture 
C4 Series 
Figure 13 Air Content for all mixtures 
The interaction plots for both average air content and CV of air content can be found in 
Figure 14 (C4 series) and Figure 15 (C3 series). Figure 14 shows that the lines of standard 
and non-standard mixing method are not parallel, which indicates a significant interaction 
between mixing method and mixture for the average and CV air content. It is also noticed 
that had it not been for C4-WR, C4-WR-C, there wouldn't be an indication of interaction. 
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Figure 14 Average and CV Air Content interaction plots (C4 series) 
Figure 15 shows a similar interaction plot of the C3 mix series. C3-WR and C3-WR-C are 




methods. For C4-WR-F and C3-WR-F, the CV of air content shows a relative high difference 
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Figure 15 Average and CV Air Content interaction plots (C3 series) 
Table 16 ANOV A for Batch Avera2e Air Content (C4 series) 
Source DF SS MS F Ratio Prob> F 
Mixture 5 27.948333 5.589667 64.4962 <.0001 
Mixing 8.881667 8.881667 102.4808 <.0001 
Mixture* Mixing 5 6.863333 1.372667 15.8385 <.0001 
Model 11 43.693333 3.97212 45.8322 <.0001 
Error 12 1.040000 0.08667 
C. Total 23 44.733333 
Table 17 ANOV A for CV Air Content (C4 series) 
Source DF SS MS F Ratio Prob> F 
Mixture 5 347.75845 69.5517 18.0113 <.0001 
Mixing 151.53073 151.5307 39.2408 <.0001 
Mixture*Mixing 5 189.62691 37.9254 9.8212 0.0006 
Model 11 688.91610 62.6287 16.2185 <.0001 
Error 12 46.33877 3.8616 
C. Total 23 735.25487 
N 
s 
ANOVA results are in the Table 16 and 17 (C4 series) and Table 18 and 19 (C3 series). 
Table 16 shows that the interaction between mixture and mixing method for the C4 series 
is prominent. The F ratio of interaction term equals 15.8385, which corresponds to a P value 
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<.0001. Since the P value is so small, there is statistically significant interaction between 
mixture and mixing method on average air content of C4 series. For the interaction term at 
Table 17, there is an F ratio of 9.8212, which corresponds to a P value of 0.0006. Since the P 
value is so small, there is a statistically significant interaction between mixture and mixing 
method on CV air content of C4 series. Both of these analyses confirm the interaction 
indication from Figure 14. 
According to the C3 series analysis results in Table 18, the F ratio of interaction term 
equals 18.3636, which corresponds to a P value smaller than 0.0001. Since the P value is so 
small, there is a statistically significant interaction between mixture and mixing method on 
average air content of C3 series. For the interaction term at Table 19, there is an F ratio of 
3.8522, which corresponds to a P value of 0.0034 (< 0.05). Since the P value is so small, 
there is a statistically significant interaction between mixture and mixing method on CV air 
content of C3 series. 
Table 18 ANOVA for Batch Average Air Content (C3 series) 
Source DF SS MS 
Mixture 5 22.000000 4.400000 
Mixing 3.840000 3.840000 
Mixture*Mixing 5 10.100000 2.020000 
Model 11 35.940000 3.26727 
Error 12 1.320000 0.11000 
C. Total 23 37.260000 
Table 19 ANOV A for CV of Air Content (C3 series) 
Source DF SS MS 
Mixture 5 435.75140 87.1503 
Mixing 1 299.21171 299.2117 
Mixture*Mixing 5 347.60535 69.5211 
Model 11 1082.5685 98.4153 
Error 12 216.5661 18.0472 






















Multiple comparisons are conducted and results are presented in Tables 20, 21 (C4 series) 
and Tables 22, 23 (C3 series). Based on the Tukey HSD criteria, Table 20 shows that the 
average air contents of C4-WR and C4-WR-C have statistically different least square means 
for both standard and non-standard mixing methods. For both C4-WR and C4-WR-C mixes, 
on average the standard mixing method produced 2.4 and 2.9 lower air content than the non-
standard mixing method. For the other mixes, C4, C4-C, C4-F and C4-WR-F, standard and 
non-standard mixing methods did not produce a difference in the average air content. 
Table 20 Multiple comparisons of the Batch Avera2e Air Content (C4 series) 
Mixture Origin Level Difference Least Sq Mean Difference 
C4,N B 6.25 
C4 0.1 
C4,S B 6.15 
C4-C,N B c 5.65 
C4-C 0.95 
C4-C,S c 4.70 
C4-F,N B 5.95 
C4-F 0.15 
C4-F,S B c 5.80 
C4-WR,N A 9.20 
C4-WR 2.4 
C4-WR,S B 6.80 
C4-WR-C,N A 9.55 
C4-WR-C 2.9 
C4-WR-C,S B 6.65 
C4-WR-F,N B 6.75 
C4-WR-F 0.8 
C4-WR-F,S B 5.95 
Note: Alpha=0.050 Q=3.96923 Std Err Dif=0.29439 LSMeans Differences Tukey HSD=l .17 
Table 21 shows that the CVs of air content ofC4-WR, C4-WR-C and C4-WR-F have 
statistically different least square means for standard and non-standard mixing methods. For 
C4-WR, C4-WR-C and C4-WR-F mixes, the standard mixing method produced 8.6, 8.5 and 
11.8 lower CV s than the non-standard mixing method, which demonstrates the more uniform 
mixes achieved by the standard mixing method. 
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Table 21 Multiple comparisons of the CV Air Content (C4 series) 
Mixture Origin Level Difference Least Sq Mean Difference 
C4,N c D 7.99 
C4 5.54 
C4,S D 2.45 
C4-C,N c D 3.55 
C4-C 4.96 
C4-C,S c D 8.51 
C4-F,N c D 6.72 
C4-F 0.69 
C4-F,S c D 6.03 
C4-WR,N A 19.11 
C4-WR 8.61 
C4-WR,S B c 10.50 
C4-WR-C,N A B 16.75 
C4-WR-C 8.48 
C4-WR-C,S c D 8.27 
-··-----··--·--... -··--·--.. -·-··-·- .. ,. .. ,_,,,,,_, ___ ,,,,,,_,,, ... , ... _ ......... __ . ___ , ______ , ____________ . ____ 
C4-WR-F,N A 18.51 
C4-WR-F 11.80 
C4-WR-F,S c D 6.71 
Note: Alpha=0.050 Q=3.96923 Std Err Dif=1.96509, LSMeans Differences Tukey HSD=7.8 
Table 22 Multiple comparisons of the Average Air Content (C3 series) 
Mixture Origin Level Difference Least Sq Mean Difference 
C3 
C3,N c 4.95 
C3,S c 4.95 0.0 
C3-C,N c 4.85 
C3-C 0.0 
C3-C,S c 4.85 
C3-F,N B c 5.70 
C3-F 0.5 
C3-F,S c 5.20 
--·-·--"-····--··-··-·-···--·--··-·---·-···-·---·---.. -·-·-·-·-··---.. -·--·--·----··----·---·--------
C3-WR,N A 7.80 
C3-WR 2.4 
C3-WR,S c 5.40 
C3-WR-C,N A 8.20 
C3-WR-C 2.7 
C3-WR-C,S c 5.50 
C3-WR-F,N A B 6.90 
C3-WR-F 0.8 
C3-WR-F,S A 7.70 
Note: Alpha=0.050 Q=3 .96923 Std Err Dif=0.33166 LSMeans Differences Tukey HSD= 1.32 
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Based on the Tukey HSD criteria, Table 22 shows that the average air contents of C3-WR 
and C3-WR-C have statistically different least square means for standard and non-standard 
mixing methods. For C3-WR and C3-WR-C mixes, on average the standard mixing method 
produced 2.4 and 2.7 lower air content than the non-standard mixing method. For the rest of 
the mixes, C3, C3-C, C3-F and C3-WR-F, standard and non-standard mixing methods did 
not result in any difference in the average air content. Table 23 shows that the CV of air 
content of C4-WR-F has statistically different least square means for both standard and non-
standard mixing methods. For C4-WR-F mixes, the standard mixing method produced 22.23 
lower CVs than the non-standard mixing method. 
Table 23 Multiple comparisons of the CV Air Content (C3 series) 
Mixture Origin Level Difference Least Sq Mean Difference 
C3 
C3,N A B 10.04 
C3,S B 5.15 4.89 
C3-C,N B 4.13 
C3-C 0.03 
C3-C,S B 4.16 
C3-F,N B 6.14 
C3-F 0.59 
C3-F,S B 6.73 
C3-WR,N A B 11.51 
C3-WR 6.88 
C3-WR,S B 4.63 
C3-WR-C,N A B 19.89 
C3-WR-C 8.98 
C3-WR-C,S A B 10.91 
I C3-WR-F,N A 26.13 
C3-WR-F 22.23 
B 3.90 C3-WR-F,S 
Note: Alpha=0.050 Q=3.96923 Std Err Dif=4.2482, LSMeans Differences Tukey HSD=l6.86 
Analysis of concrete air content also indicates that due to significant interaction between 
mixture and mixing method, the effect of mixing method on the both average and CV of air 
content should be individually evaluated for each mix. On average the standard mixing 
method produces statistically lower average air content than the non-standard mixing for 
mixes ofC4-WR, C4-WR-C, C3-WR and C3-WR-C; the standard mixing method yields 
lower CV of air content than the non-standard mixing method for mixes of C4-WR, C4-WR-
C, C4-WR-F and C3-WR-F. 
43 
4.1.3 Concrete coarse aggregate content 
Figure 16 presents the coarse aggregate content results of the C3 and C4 series. The 
dashed line corresponds to the calculated coarse aggregate content from the mix proportions. 
The measured coarse aggregate content values distribute around this calculated line and 
mixes from the C3 series have a slightly higher coarse aggregate content than those from the 
C4 series. The first and the second measurements of the non-standard mixing method scatter 
widely from the calculated line compared with those of the standard mixing method. Thus 
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Figure 16 Coarse Aggregate Content parallel dot graph 
The interaction plots for both average and CV coarse aggregate contents are presented at 
Figure 17 (C4 series) and Figure 18 (C3 series). Figure 17 shows that for the C4 series the 
lines of standard and non-standard mixing methods are nearly parallel while there is a cross 
at C4-WR-F for average coarse aggregate content and a cross at C4 for CV coarse aggregate 
content. It is thus difficult to identify if there is an interaction between mixing method and 
mixture on either the average coarse aggregate content or the CV coarse aggregate content 
for the C4 series. 
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According to Figure 18, for the C3 series the lines of standard and non-standard mixing 
methods are nearly parallel, indicating no interaction between mixing method and mixture 
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Figure 17 Average and CV Coarse Aggregate Content interaction (C4 series) 
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Figure 18 Average and CV Coarse Aggregate Content interaction (C3 series) 
ANOV A results from further analysis are presented in Tables 24 and 25 (C4 series) and 
Tables 26 and 27 (C3 series). 
s 
According to Table 24, The F ratio of interaction term equals 3 .27, which corresponds to 
a P value of 0.0429. Since the P value is smaller than 0.05, there is statistically significant 
interaction between mixture and mixing methods on average air content of the C4 series. For 
the interaction term in Table 25, there is an F ratio of 3.0746, which corresponds to a P value 
of 0.0515. Since this value is larger than 0.05, there is no statistically significant interaction 
between mixture and mixing methods on CV air content of C4 series. It can also be seen that 
the P values for both average and CV coarse aggregate content of C4 series are close to the 
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critical point of 0.05, so both interactions are regarded as significant and the effect of mixing 
is reviewed case by case. 
Table 24 ANOVA for Average Coarse Aggregate Content (C4 series) 
Source DF SS MS F Ratio Prob> F 
Mixture 5 29.367083 5.87342 9.5180 0.0007 
Mixing 1 17.170417 17.17042 27.8251 0.0002 
Mixture*Mixing 5 10.097083 2.01942 3.2725 0.0429 
Model 11 56.634583 5.14860 8.3434 0.0005 
Error 12 7.405000 0.61708 
C. Total 23 64.039583 
Table 25 ANOV A for CV Coarse Aggregate Content (C4 series) 
Source DF SS MS F Ratio Prob> F 
Mixture 5 185.42483 37.0850 2.1682 0.1263 
Mixing 456.18660 456.1866 26.6719 0.0002 
Mixture*Mixing 5 262.93482 52.5870 3.0746 0.0515 
Model 11 904.5463 82.2315 4.8078 0.0058 
Error 12 205.2440 17.1037 
C. Total 23 1109.7902 
Multiple comparisons for the C4 series are conducted and results are presented in Table 
26 and 27. Based on the Tukey HSD criteria, Table 26 shows that the average coarse 
aggregate contents of C4 and C4-C have statistically different least square means for 
standard and non-standard mixing method. For both C4 and C4-C mixes, on average, the 
standard mixing method produced 3.4 and 3.25 lower coarse aggregate content than the non-
standard mixing method. For the rest of the mixes, C4-F, C4-WR, C4-WR-C and C4-WR-F, 
standard and non-standard mixing method does not bring in difference on the average coarse 
aggregate content. 
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Table 26 Multiple comparisons of the Average Coarse Aggregate Content (C4 series) 
Mixture Origin Level Difference Least Sq Mean Difference 
C4,N A B c 41.05 
C4 3.40 
C4,S D 37.65 
C4-C,N A 41.65 
C4-C 3.25 
C4-C,S B c D 38.40 
C4-F,N c D 38.00 
C4-F 0.65 
C4-F,S D 37.35 
C4-WR,N A B 41.45 
C4-WR 1.40 
C4-WR,S A B c D 40.05 
C4-WR-C,N A B c 41.00 
C4-WR-C 0.65 
C4-WR-C,S A B c D 39.35 
C4-WR-F,N c D 38.05 
C4-WR-F 0.20 
C4-WR-F,S c D 38.25 
Note: Alpha=0.050 Q=3.96923 Std Err Dif=0.78555, LSMeans Differences Tukey HSD=3.12 
Table 27 Multiple comparisons of the CV Coarse Aggregate Content (C4 series) 
Mixture Origin Level Difference Least Sq Mean Difference 
C4,N A B c 13.58 
C4 0.89 
C4,S A B c 14.47 
C4-C 
C4-F,N A B 19.63 
C4-F 13.31 
C4-F,S A B c 6.32 
C4-WR,N A B c 11.58 
C4-WR 6.42 
C4-WR,S B c 5.16 
C4-WR-C,N A B c 8.79 
C4-WR-C 4.61 
C4-WR-C,S B c 4.18 
C4-WR-F,N A B c 17.80 
C4-WR-F 8.85 
C4-WR-F,S A B c 8.95 
Note: Alpha=0.050 Q=3.96923 Std Err Dif=4.13566, LSMeans Differences Tukey HSD=l6.4 
47 
Table 27 shows that the CV of coarse aggregate content of C4-C has statistically different 
least square means for both standard and non-standard mixing methods. For the C4-C mix, 
the standard mixing method produced 20 lower CV s than the non-standard mixing method, 
which indicates the more uniform mixes achieved by the standard mixing method. 
According to the C3 series analysis results in Table 28, the F ratio of the interaction term 
equals 2.1572, which corresponds to a P value of0.1278 > 0.05. Since the P value is so large, 
there is no statistically significant interaction between mixture and mixing method on 
average coarse aggregate content of the C3 series. For the interaction term at Table 29, there 
is an F ratio of 1.0499, which corresponds to a P value of 0.4334 (> 0.05). Since the P value 
is so large, there is no statistically significant interaction between mixture and mixing method 
on CV air content of the C3 series. 
Table 28 ANOVA for Average Coarse Aggregate Content (C3 series) 
Source DF SS MS F Ratio Prob> F 
Mixture 5 34.963333 6.99267 10.2083 0.0005 
Mixing 1 15.681667 15.68167 22.8929 0.0004 
Mixture*Mixing 5 7.388333 1.47767 2.1572 0.1278 
Model 11 58.033333 5.27576 7.7018 0.0007 
Error 12 8.220000 0.68500 
C. Total 23 66.253333 
Table 29 ANOV A for CV Coarse Aggregate Content (C3 series) 
Source DF SS MS F Ratio Prob> F 
Mixture 5 328.49619 65.6992 4.4422 0.0160 
Mixing 1 554.60893 554.6089 37.4998 <.0001 
Mixture*Mixing 5 77.63644 15.5273 1.0499 0.4334 
Model 11 960.7416 87.3401 5.9055 0.0024 
Error 12 177.4757 14.7896 
C. Total 23 1138.2172 
For the factor of mixing, the F ratio equals 22.8929 with an associated P-value of 0.0004, 
Since the P-value is much smaller than 0.05, there are strong statistically significant effects 
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on average coarse aggregate content due to mixing method; the F ratio equals 37.4998 with 
associated P-value smaller than 0.0001, Since the P-value is so small, there are strong 
statistically significant effects on the CV of coarse aggregate content due to mixing method. 
Because there are only two levels for the mixing method, the standard and non-standard 
mixing methods are statistically different from each other in average and CV coarse 



































Figure 19 Effect of mixing on the average and CV of coarse aggregate content (C3 series) 
As can be seen in Figure 19, the average coarse aggregate contents are 44.04 and 43.03 
for non-standard and mixing method respectively. This difference is small and has no 
significance in practice. The CVs of coarse aggregate content are 15.27 and 5.66 for non-
standard and mixing methods respectively. The differences of CV values are in the range of 
5% to 15%. In terms of mixing, the standard mixing method clearly generated much lower 
CV (better uniformity) compared with the non-standard mixing method. 
An interaction between mixture and mixing method is identified for both average and CV 
coarse aggregate content of C4 series. On average the standard mixing method produces 
statistically lower average coarse aggregate content than the non-standard mixing method for 
mixes of C4 and C4-C; the standard mixing method shows lower CV of coarse aggregate 
content than the non-standard mixing method for the C4-C mix. For the C3 series on average, 
the standard mixing method produces statistically lower average and CV of coarse aggregate 
content than the non-standard mixing method. 
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4.1.4 The water content of sieved mortar 
The water content of sieved mortar data are presented in Figure 20. From Figure 20 it can 
be seen that this data agrees well with the calculation (the broken line). The water binder 
ratios are 0.42-0.43 and the cementitous materials contents are higher for the mixes of C3, 
C3-C, and C3-F compared with mixes of C3-WR, C3-WR-C and C3-WR-F. Non-standard 
mixing produces higher water content than the standard mixing. 
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Figure 20 Water content of mortar test 
The interaction plots for both average and CV of water contents are presented in Figure 
21 (C4 series) and Figure 22 (C3 series). Figure 21 shows that for the C4 series the lines of 
standard and non-standard mixing methods are not parallel for either the average or CV of 
water content, which indicates a potential interaction between the mixing methods and 
mixtures. 
According to Figure 22, the lines of standard and non-standard mixing methods are 
almost parallel for average water content of C3 series, which indicates that there is no 
interaction between mixing method and mixture on the average coarse aggregate content of 
the C3 series. The lines of standard and non-standard mixing methods cross for CV of water 
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content, which indicates that there is interaction between mixing method and mixture on the 
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Figure 21 Average and CV Water Content interaction (C4 series) 
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Figure 22 Average and CV Water Content interaction (C3 series) 
ANOV A results are presented in Table 30 and 31 (C4 series) and Table 32 and 33 (C3 
series) for further analysis. According to Table 30, the F ratio of the interaction term equals 
5.7345, which corresponds to a P value smaller than 0.0001. Since the P value is smaller than 
0.05, there is a statistically significant interaction between mixture and mixing method on 
average water content of C4 series. Even though there is statistically significant interaction 
from the F test, it may also be seen that the mean square error is quite small (0.022917) 
compared to the mean square of any other factors, so even very small difference could tum 
out to be statistically significant. In the interaction plot, there is only one point in 
disagreement with the parallel nature of the curves, so this interaction may not be important. 
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For the interaction term at Table 31, there is an F ratio of 2.6395 associated with a P value of 
0.0782. Since the P value is bigger than 0.05, there is no statistically significant interaction 
between mixture and mixing method on CV water content of C4 series. 
Table 30 ANOVA for the Average Water Content of Mortar (C4 series) 
Source DF SS MS 
Mixture 5 3.2270833 0.645417 
Mixing 1 1.2604167 1.260417 
Mixture*Mixing 5 0.6570833 0.131417 
Model 11 5.1445833 0.467689 
Error 12 0.2750000 0.022917 
C. Total 23 5.4195833 
Table 31 ANOVA for the CV Water Content of Mortar (C4 series) 
Source DF SS 
Mixture 5 13.000929 
Mixing 1 0.189174 
Mixture*Mixing 5 7.787808 
Model 11 20.977910 
Error 12 7.081061 
C. Total 23 28.058971 
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For the factor of mixing method of the C4 series, the F ratio equals 55.00 with associated 
P-value smaller than 0.0001 according to Table 30. It is concluded that there are very strong 
statistically significant effects on average water content due to mixing method, i.e. the 
standard and non-standard mixing are statistically different from each other in average water 
content. As shown in Figure 23, on average the standard mixing method (11.35) produces 
0.46 lower average water content than the non-standard mixing method (11.81 ). The multiple 
comparisons of the average water content of mortar are presented in Table 32. For C4-C, the 
standard mixing method ( 11.00) produces 1.10 lower average water content than the non-
standard mixing method (12.10). 
Table 32 Multiple comparisons of the Average Water Content of Mortar (C4 series) 
Mixture Origin Level Difference Least Sq Mean Difference 
C4,N A B c 12.00 
C4 0.45 
C4,S B c D E 11.55 
C4-C,N A B 12.10 
C4-C 1.10 
C4-C,S E F 11.00 
C4-F,N A 12.25 
C4-F 0.05 
C4-F,S A 12.20 
C4-WR,N D E F 11.30 
C4-WR 0.20 
C4-WR,S E F 11.10 
C4-WR-C,N c D E F 11.40 
C4-WR-C 0.55 
C4-WR-C,S F 10.85 
C4-WR-F,N A B c D 11.80 
C4-WR-F 0.40 
C4-WR-F,S c D E F 11.40 
Note: Alpha=0.050 Q=3.96923 Std Err Dif=0.15138, LSMeans Differences Tukey HSD=0.60 
According to Table 33, for the C3 series the F ratio of the interaction term equals 1.3644, 
which corresponds to P value of 0.3041. Since the P value is larger than 0.05, there is no 
statistically significant interaction between mixture and mixing method on average water 
content ofC3 series. For the interaction term at Table 34, there is an F ratio of 1.1841 
associated with a P value of 0.3727. Since the P value is larger than 0.05, there is no 
statistically significant interaction between mixture and mixing method on CV water content 
of C3 series. 
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Table 33 ANOVA for the Average Water Content of Mortar (C3 series) 
Source DF SS MS F Ratio Prob> F 
Mixture 5 3.1470833 0.6294167 14.9564 <.0001 
Mixing 1 0.5704167 0.5704167 13.5545 0.0031 
Mixture*Mixing 5 0.2870833 0.0574167 1.3644 0.3041 
Model 11 4.0045833 0.364053 8.6508 0.0004 
Error 12 0.5050000 0.042083 
C. Total 23 4.5095833 
Table 34 ANOVA for the CV Water Content of Mortar (C3 series) 
Source DF SS MS F Ratio Prob> F 
Mixture 5 9.721075 1.944215 0.7405 0.6078 
Mixing 1 0.117699 0.117699 0.0448 0.8359 
Mixture*Mixing 5 15.545213 3.109043 1.1841 0.3727 
Model 11 25.383987 2.30764 0.8789 0.5813 
Error 12 31.508176 2.62568 
C. Total 23 56.892163 
For the factor of mixing method of C3 series, the F ratio equals 13.5545 with associated 
P-value of 0.0031 according to Table 33. It is concluded that there are statistically significant 
effects on average water content due to mixing method for the C3 series. As shown in Figure 
23, on average the standard mixing method (11.64) produces 0.31 lower average water 
content than the non-standard mixing method (11.95). No significant differences are found 
among the C3 series for the multiple comparisons of the average water content of mortar 
Based on the analysis of both C4 and C3 series mixes, the standard mixing method 
produces statistically lower average water content compared with non-standard mixing 
method. There is no difference in the CV of water content for either of mixing methods. The 
CVs are under 5% so it is considered uniform even for non-standard mixing method. This is 
confirmed by the moisture sensor test from the same research project, where the moisture 
content reading reached a stable value after 90 seconds for the one step mixing method. This 
analysis also indicates that the different ingredients of concrete need different time or mixing 
to reach a relative uniformity. 
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4.1.5 Concrete slump test 
The slump test results are presented in Figure 24. It can be seen that slump values of mix 
C4-C, C4-WR-C, C3-C, and C4-WR-C have relatively large differences when mixing 
method is changed from standard to non-standard. The broken lines correspond to the normal 















C4 C4-C CH 
. . . . l 
XS2-1 XS2-2, 
~N2~~N2~~ 













> 20 N 0 
s 
.20 
CH"IR C4WR·C C4-WR-F C4 
Mixture 
C4-F C4-WR C4-WR-C C4·WR·F 
C4 Series 
C4-C C4-F C4-WR C4-WR-C C4-WR-F 
Mixture 



















C3-F C3-WR C3-WR-C C3-WR-F C3 C3-C C3-WR C3-WR-C C3-WR-F 
Mixture Mixture 
Figure 26 Average and CV of Slump interaction plot (C3 series) 
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The interaction plots for both average and CV of slump are presented at Figure 25 (C4 
series) and Figure 26 (C3 series). Figure 25 shows that for the C4 series the lines of standard 
and non-standard mixing methods are not parallel for average slump, which indicates that 
there is an interaction between mixing method and mixture on the average slump for C4 
series. Figure 25 also shows that for the C4 series the lines of standard and non-standard 
mixing methods are very close for the CV of average slump, which makes it difficult to 
determine if there is an interaction between mixing method and mixture on CV of slump for 
the C4 series. 
According to Figure 26 the lines of standard and non-standard mixing methods are almost 
parallel except for one cross point at C3-WR-F for average slump of the C3 series, which 
indicates that there is no interaction between mixing method and mixture on the average 
slump for the C3 series. Figure 26 also shows that for the C3 series the lines of standard and 
non-standard mixing methods are not parallel for CV of average slump, which indicates that 
there is an interaction between mixing method and mixture on CV of slump for C3 series. 
ANOVA results are presented in Tables 35 and 36 (C4 series) and Tables 37 and 38 (C3 
series) for further analysis. 
According to Table 35, The F ratio of the interaction term equals 10.9603, which 
corresponds to a P value of 0.0004. Since the P value is smaller than 0.05, there is 
statistically significant interaction between mixture and mixing method on average slump of 
the C4 series. For the interaction term at Table 36, there is an F ratio of 1.0598 associated with 
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a P value of 0.4286. Since the P value is bigger than 0.05, there is no statistically significant 
interaction between mixture and mixing method on CV water content of the C4 series. 
For the factor of mixing method on average slump of the C4 series, due to the existence 
of interaction between mixing method and mixture, it has to be evaluated individually for 
different mix. Multiple comparisons are presented. 
Table 35 ANOVA for Average Slumu (C4 series) 
Source DF SS MS F Ratio Prob> F 
Mixture 5 5.437921 1.08758 6.3056 0.0043 
Mixing 11.138438 11.13844 64.5785 <.0001 
Mixture*Mixing 5 9.452088 1.89042 10.9603 0.0004 
Model 11 26.028446 2.36622 13.7189 <.0001 
Error 12 2.069750 0.17248 
C. Total 23 28.098196 
Table 36 ANOV A for CV Slumu (C4 series) 
Source DF SS MS F Ratio Prob> F 
Mixture 5 3268.2234 653.6447 3.2306 0.0446 
Mixing 1 75.9146 75.9146 0.3752 0.5516 
Mixture*Mixing 5 1072.1453 214.4291 1.0598 0.4286 
Model 11 4416.2833 401.480 1.9843 0.1273 
Error 12 2427.9745 202.331 
C. Total 23 6844.2578 
Based on the Tukey HSD criteria, Table 3 7 shows that the average slumps of C4-C and 
C4-WR-C have statistically different least square means for standard and non-standard 
mixing methods. For both C4-C and C4-WR-C mixes, on average the standard mixing 
method produced 3.19 and 2.81 inches lower slump than the non-standard mixing method. 
For the rest of the mixes, C4, C4-F, C4-WR and C4-WR-F, standard and non-standard 
mixing methods do not result in difference of the average slump. 
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According to Table 36 (C4 series), the factor of mixing method for CV of slump has an F 
ratio of 0.3752 with a P-value of 0.5516. Since the P-value is bigger than 0.05, there is no 
statistically difference due to the mixing method for CV of slump of the C4 series. 
Table 37 Multiple comparisons of the Average Slump (C4 series) 
Mixture Origin Level Difference Least Sq Mean Difference 
C4,N B c D 2.750 
C4 0.56 
C4,S c D 2.190 
[ C4-C,N A 4.755 C4-C 3.19 C4-C,S c D 1.565 
C4-F,N B c D 2.625 
C4-F 0.38 
C4-F,S B c 3.005 
C4-WR,N c D 2.440 
C4-WR 1.185 
C4-WR,S D 1.255 
I C4-WR-C,N A B 4.250 
C4-WR-C 2.81 
c D 1.440 C4-WR-C,S 
C4-WR-F,N c D 2.375 
C4-WR-F 0.81 
C4-WR-F,S c D 1.565 
Note: Alpha=0.050 Q=3.96923 Std Err Dif=0.41531 LSMeans Differences Tukey HSD=l.65 
Table 38 AN OVA for Batch Average Slump (C3 series) 
Source DF SS MS F Ratio Prob> F 
Mixture 5 5.3115833 1.062317 6.9729 0.0029 
Mixing 1 2.8290667 2.829067 18.5695 0.0010 
Mixture*Mixing 5 4.4934833 0.898697 5.8989 0.0056 
Model 11 12.634133 1.14856 7.5389 0.0008 
Error 12 1.828200 0.15235 
C. Total 23 14.462333 
For the C3 series, from Table 38, The F ratio of the interaction term equals 5.8989, which 
corresponds to a P value of 0.0004. Since the P value is smaller than 0.05, there is 
statistically significant interaction between mixture and mixing method on average slump of 
the C3 series. For the interaction term at Table 39, there is an F ratio of 3.2778 associated with 
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a P value of 0.0427. Since the P value is only slightly smaller than 0.05, there is statistically 
significant interaction between mixture and mixing method on CV slump of the C3 series. 
Table 39 ANOV A for CV Slumn (C3 series) 
Source DF SS MS F Ratio Prob> F 
Mixture 5 3952.3743 790.4749 5.1746 0.0092 
Mixing 900.0881 900.0881 5.8922 0.0319 
Mixture*Mixing 5 2503.5786 500.7157 3.2778 0.0427 
Model 11 7356.0410 668.731 4.3777 0.0086 
Error 12 1833.1150 152.760 
C. Total 23 9189.1561 
Table 40 Multiple comparisons of the Average Slumn (C3 series) 
Mixture Origin Level Difference Least Sq Mean Difference 
C3,N B c D 1.690 
C3 0.185 
C3,S c D 1.505 
I C3-C,N A 3.255 C3-C 1.69 C3-C,S c D 1.565 
I 
C3-F,N A B 3.130 
C3-F 0.69 
C3-F,S A B c D 2.440 
C3-WR,N A B c D 1.875 
C3-WR 0.87 
C3-WR,S D 1.005 
C3-WR-C,N A B 3.125 
C3-WR-C 1.56 
C3-WR-C,S c D 1.565 
C3-WR-F,N A B c D 1.815 
C3-WR-F 0.875 
C3-WR-F,S A B c 2.690 
Note: Alpha=0.050 Q=3.96923 Std Err Dif=0.39032, LSMeans Differences Tukey HSD=l.55 
Thus, for the factor of mixing method on average slump and CV of slump of the C3 
series, they must be evaluated individually for different mix using multiple comparisons due 
to the existence of interaction between mixing method and mixture. 
Based on the Tukey HSD criteria, Table 40 shows that the average slumps of C3-C and 
C3-WR-C have statistically different least square means for standard and non-standard 
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mixing methods. For both C3-C and C3-WR-C mixes, on average the standard mixing 
method produced 1.69 and 1.56 inches lower slump than the non-standard mixing method. 
For the rest mixes, C3, C3-F, C3-WR and C3-WR-F, standard and non-standard mixing 
methods do not produce any difference on the average slump. Table 41 shows that no mix 
has the statistically different least square means of CV of slump for standard and non-
standard mixing method even though the factor of mixing method has a F ratio of 5.8922, 
which has the associated P-value of 0.0319 and it is therefore indicated that the factor of 
mixing methods is statistically significant for CV of slump of the C3 series. 
Table 41 Multiple comparisons of the CV slumJ! (C3 series) 
Mixture Origin Level Difference Least Sq Mean Difference 
C3,N B 7.67 
C3 9.06 
C3,S B 16.73 
C3-C,N B 7.78 
C3-C 29.85 
C3-C,S A B 37.63 
C3-F,N B 15.43 
C3-F 0.18 
C3-F,S B 15.25 
C3-WR,N A B 27.78 
C3-WR 48.02 
C3-WR,S A 75.80 
C3-WR-C,N B 26.67 
C3-WR-C 2.33 
C3-WR-C,S B 24.34 
C3-WR-F,N A B 34.27 
C3-WR-F 10.92 
C3-WR-F,S B 23.35 
Note: Alpha=0.050 Q=3.96923 Std Err Dif=l2.3596 LSMeans Differences Tukey HSD=49.06 
In summary, on average the standard mixing method produces a statistically lower average 
slump than the non-standard mixing for mixes of C4-C, C4-WR-C, C3-C and C3-WR-C; 
there is no difference in the CV of slump when mixing methods are changed. 
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4.1.6 Concrete compressive strength 
7-day strength data are presented in Figure 27. From Figure 27 it can be seen that the 
standard mixing method produced higher values of 7-day compressive strength than non-
standard mixing. 
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Figure 27 Compressive Strength (7-day) data 
The interaction plots for both average and CV of strength are presented at Figure 28 (C4 
series) and Figure 29 (C3 series). Figure 28 shows that for C4 series the lines of standard and 
non-standard mixing methods are almost parallel for average strength, which indicates that 
there is no interaction between mixing method and mixture on the average strength for C4 
series. Figure 28 also shows that for C4 series the lines of standard and non-standard mixing 
methods are very close for CV of average strength, which indicates that the mixing method 
does not affect the CV of strength for C4 series. 
According to Figure 29 the lines of standard and non-standard mixing methods are close 
together for average strength of the C3 series, which indicates that the mixing method does 
not affect the CV of strength for C3 series. Figure 29 also shows that for the C3 series the 
lines of standard and non-standard mixing methods are not parallel for CV of average 
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strength, which suggests interaction between mixing method and mixture on CV of strength 
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Figure 29 Average and CV 7-day strength interactions (C3 series) 
ANOVA results from further analysis are presented in Table 42 and 43 (C4 series) and 
Table 44 and 45 (C3 series). 
According to Table 42, The F ratio of the interaction term equals 1.5050, which 
corresponds to a P value of 0.2597. Since the P value is larger than 0.05, there is no 
statistically significant interaction between mixture and mixing method on average strength 
of the C4 series. For the interaction term in Table 43, there is an F ratio of0.1114 associated 
with a P value of 0.9876. Since the P value is larger than 0.05, there is no statistically 
significant interaction between mixture and mixing method on CV strength of the C4 series. 
The factor of mixing method of average strength has an F ratio of 13.6369 with a P-value 
of 0.0031. Since the P-value is smaller than 0.05, there is statistical difference due to the 
mixing method for average strength of C4 series. The difference between standard mixing 
(5357) and non-standard mixing (5029) is 328, which is greater than the LSD. So on average, 
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the standard mixing method produced 5357 psi average strength, which is 328 psi higher than 
the non-standard mixing method produced ( 5029 psi). For the CV of strength of the C4 series, 
the factor of mixing method of average strength has an F ratio of0.1426 with a P-value of 
0.7123. Since the P-value is bigger than 0.05, there is no statistical difference due to the 
mixing method for CV of strength. These results are shown in Figure 30. 
Table 42 ANOV A for Avera2e 7-day strength (C4 series) 
Source DF SS MS 
Mixture 5 2444306.7 488861.3 
Mixing 1 646488.4 646488.4 
Mixture*Mixing 5 356743.4 71348.7 
Model 11 3447538.5 313413 
Error 12 568886.5 47407 
C. Total 23 4016425.0 
Table 43 ANOV A for CV 7-day strength (C4 series) 
Source DF SS MS 
Mixture 5 617.50469 123.5009 
Mixing 1 6.47292 6.4729 
Mixture*Mixing 5 25.28844 5.0577 
Model 11 649.2660 59.0242 
Error 12 544.7359 45.3947 





















Analyses on the C3 series are presented in Table 44 and 45. According to Table 44 
(Average strength of C3 series), the F ratio of the interaction term equals 2.6838, which 
corresponds to a P value of0.0748; the factor of mixing method of average strength has an F 
ratio of 0.1896 with the P-value of 0.6710. Since the P values are both larger than 0.05, there 
are no statistically significant interactions or effect of mixing method on average strength of 
the C4 series. According to Table 45 (CV of strength ofC3 series), The F ratio of the 
interaction term equals 0.4507, which corresponds to a P value of 0.8050; the factor of 
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mixing method of average strength has an F ratio of 0.9617 with a P-value of 0.3461. Since 
the P values are both bigger than 0.05, there are no statistically significant interactions or 
effect of mixing method on CV of strength of the C3 series. 
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Figure 30 Main effect of Average 7-day strength 
Table 44 ANOVA for Average 7-day strength (C3 series) 
Source DF SS MS F Ratio 
Mixture 5 6496362.3 1299272 29.4587 
Mixing 8362.7 8363 0.1896 
Mixture*Mixing 5 591842.3 118368 2.6838 
Model 11 7096567.3 645142 14.6275 
Error 12 529258.0 44105 
C. Total 23 7625825.3 
Table 45 ANOV A for CV 7-day strength (C3 series) 
Source DF SS MS F Ratio 
Mixture 5 67.025116 13.40502 0.6838 
Mixing 1 18.850784 18.85078 0.9617 
Mixture*Mixing 5 44.177129 8.83543 0.4507 
Model 11 130.05303 11.8230 0.6031 
Error 12 235.22895 19.6024 













It is found that the effect of mixing method on the average strength of the C4 series is 
statistically significant. There is no difference for the CV s of strength for either of both mix 
series due to change of mixing methods. 
4.1.7 Major findings from the uniformity tests 
According to the average performance data, the mixing method influences the properties 
of concrete: 
• Standard mixing method increases the unit weight of the mix ofC4-WR, C4-WR-
C, C3-WR and C3-WR-C. That is standard mixing produces denser mix than non-
standard mixing for these mixes. 
• Standard mixing reduces the total air content of the mix of C4-WR, C4-WR-C, 
C3-WR and C3-WR-C. This could be attributed to the longer mixing time. 
• Standard mixing method reduces the coarse aggregate content of the mix of C4 
and C4-C. The cause should be further investigated. 
• Standard mixing produces lower water content of mortar from concrete. This 
could be attributed to improved cement hydration. 
• Standard mixing generates higher 7-day compressive strength for C4 series mix 
due to improvement in overall uniformity of the mixtures. 
From the batch CV data, the composition measurements provide uniformity information 
while other properties, such as slump and strength are not necessary related to these 
measurements: 
• The batch coefficient of variation (CV) data showed that the standard mixing 
method reduces the CV of unit weight (C3-WR-C), air content (C4-WR, C4-WR-
C, C4-WR-F and C3-WR-F) and coarse aggregate content (C4-C), i.e. it improves 
the uniformity of the batch. 
• CV water content of mortar data show the same trend but the lack of statistical 
difference between the two mixing methods due to the fact that two minutes is 
long enough for water dispersion to occur. 
• Slump and strength data don't respond to the mixing change in terms of CV 
within the same batch. 
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Table 46 shows that some mixes (with water reducer and/or fly ash) display the 
interaction between the material and mixing Therefore it is necessary to separate these 
material effects from the mix proportion design and to determine their unique role in 
concrete mixing evaluation. This results in a study of mixing using AV A as presented in 
the following section. 
Table 46 Summary Table of the Uniformity Test 














C3-WR, C3-WR-C C4-WR-F, C3-WR-F 
Coarse Aggregate 










S>N C4 series* 
Strength - -
Note: '-'mdicated no statistical significance; S, N indicate standard and non-standard mixing method. 
"*" It is a general conclusion. 
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4.2 Mixing study using AV A 
The air void system of concrete can be characterized by the total air content (A), the 
specific surface (a) and the spacing factor ( L ). Of these three parameters, the spacing factor 
is considered as the most significant indicator of the durability of the cement paste matrix to 
freezing and thawing exposure of the concrete. A vast number of experiments have 
demonstrated that for good frost/thaw resistance a sufficient numbers of voids with diameters 
in the range of 5-300 µm should be present in concrete. ASTM C125 provides the definition 
of air voids within a certain range of size: "Air void, -a space in cement paste, mortar, or 
concrete filled with air; an entrapped air void is characteristically 1 mm or more in width and 
irregular in shape; an entrained air void is typically between 10 and 1000 µm in diameter and 
spherical or nearly so". 
In this study the AV A test method is used for air void characterization of fresh concrete. 
The air void distribution based on paste air content rather concrete content is used for the 
following reasons: 
1. Paste content in concrete general varies with the nominal maximum size of coarse 
aggregate. It is the paste that needs to be protected by the air voids. Therefore, paste 
air content is more appropriate for use as an indicator of freeze thaw resistance. 
2. Only mortar samples abstracted from concrete are used in the AV A tests. The air 
content of concrete is calculated from the mix proportion based on the mortar or paste 
air content. Additionally the estimated air content is used for the calculation process 
of spacing factor, so use of paste air content would probably be more reasonable. 
All AV A test results are summarized in Table 4 7. 
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Table 47 AV A numerical data results list 
Series 
Air Content from Air Content from Spacing Specific 
ASTMC231, % AVA,% Factor {l!m} Surface {mm-1} 
PC-S 6.0 2.9 286 21 
PC-S 4.8 3.9 269 20.3 
PC-4 5.9 3.3 289 20.3 
PC-4 6.7 3.4 253 22.9 
""d 
PC-4 6.0 4.0 217 24.9 § 
PC-2 4.8 3.3 352 16.6 
""d 
0 a 
PC-2 5.1 2.9 389 15.5 § p.. 
PC-2 5.7 4.0 277 19.3 (1 Cl) 
s 
PC-1 3.7 2.6 365 17.7 Cl) ::s .... 
PC-M4 5.7 4.8 203 24.3 s::: ~· 
PC-M4 6.2 5.1 162 29.8 
<1> 
"' 
PC-M4 7.1 4.7 151 32.9 
PC-4-1.5 ft3 4.8 3.9 209 25.8 
PC-2-1.5 ft3 4.7 3.2 276 21.6 
PC-1-1.5 ft3 4.2 3.0 309 19.9 
FA-S 5.3 3.8 216 25.5 
FA-S 5.3 3.1 219 27.5 >'rj -'< 
FA-2 4.6 3.6 267 21 > 
~ 
FA-2 5.2 4.2 254 20.7 s::: 
~· 
FA-4 6.6 4.1 190 28 Cl) "' 
FA-4 7.3 5.0 210 25.4 
WR-S 8.3 5.6 121 38.1 ~ a 
WR-S 8.4 6.1 126 35.1 Cl) .... 
:;:ti 
WR-2 10.4 9.5 97 29.9 Cl) g. 
WR-2 8.5 9.0 99 31.3 0 ~ 
WR-4 10.6 8.2 100 33.8 s::: ~· 




Mixture Type 1, 2, 4: One-Step mixing time 
PC: Portland cement mix S: ASTM Standard Lab mixing 
FA: Fly Ash mix M4: Two-step mixing (4 min.) 
WR: Water Reducer mix 
/ Mixer used: 
jrc-4-1.5 ft3 
L .. 
I'" 0.5 ft3 mixer if not indicated 
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4.2.1 Effect of mixture on the air voids system of concrete 
Three parameters measured from the AV A tests and air voids distribution curves of three 
different mixes using the same standard ASTM lab mixing procedure are plotted in Figures 
31 and 32, respectively. 
As observed from Figure 31, when compared with Portland cement mix, 15% fly ash 
replacement for Portland cement does not change the total air content of concrete. It reduces 
the spacing factor and increases the specific surface. Addition of water reducer dramatically 
increases the total air content, reduces the spacing factor, and increases the specific surface of 
air voids. 
Figure 32 indicates that compared with the Portland cement concrete mix, adding of 
water reducer generated much smaller air voids (50-300 µm) desirable for freezing-thaw 
resistance while reducing the larger air voids (1000-2000 µm) in the paste system. Fly ash 
replacement produces a slightly smaller air void (125-500 µm) while significantly reducing 
the larger air voids (2000 µm) in the paste. In terms of the total air content of the paste ( < 
2000 µm), the water reducer mix has much higher air content than the Portland cement 
concrete and fly ash mixes, which show about the same total air content in this study. The 
accumulative distribution curve of water reducer moved upward and leftward while the fly 
ash curve moved leftward from the Portland cement concrete mix curve (Figure 32 (b)). This 
also indicates that the water reducer produces finer and a greater number of air voids and fly 
ash produces finer air voids. 
One-step 2-minute and 4-minute mixing methods show similar trends with the standard 
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Figure 31 Effect of mixes on the AV A parameters (3-3-2 Mixing) 
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4.2.2 Effect of mixing procedure on the air voids distribution 
Figures 33 and 34 illustrate the AV A test results of concrete mixtures mixed with one-
step and two-step methods for four minutes. 
Compared with the one-step mixing procedure, the two-step mixing procedure produces a 
slightly higher total air content of concrete. The spacing factor is reduced and the specific 
surface is increased. (Figure 33) 
Compared with one-step mixing procedure, the two-step mixing procedure generates 
many more smaller air voids (100-500 µm) while reducing the larger air voids (2000 µm) in 
the paste as shown in Figure 34. In terms of the total air content of the paste(< 2000 µm), the 
two-step mixing procedure generates a higher air content than the one-step mixing procedure. 
The accumulative distribution curve of two-step mixing moves up and leftward from the one-
step mixing curve. This also indicates that two-step mixing produces finer and a greater 
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Figure 33 Effect of mixing sequence on AV A parameters (Portland cement, 4 minutes) 
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Figure 34 Effect of mixing sequence on air distribution (Portland cement, 4 min. mixing) 
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4.2.3 Effect of mixing time on the air voids distribution 
Figures 35 and 36 illustrate the effect of mixing time on AV A test results. Three mixing 
times (1',2', and 4') are used for one-step mixing of a Portland cement concrete mix. 
Compared to one-minute mixing, two-minute mixing increases the total air content of 
concrete slightly, but has little influence on the specific surface. The spacing factor decreases 
a little when the mixing time is changed from one-minute to two-minute. A four-minute 
mixing time does not increase the total air content of concrete at all from two-minute mixing 
time, but it does reduce the spacing factor and increases the specific surface greatly from 
one-minute or two-minute mixing time (Figure 35). 
Figure 36 shows the air void distribution curves for three different mixing times. It can be 
seen that one-minute mixing generates the lowest air content within all size ranges. A two-
minute mixing time produces a few more smaller air voids (150-500 µm) and also does 
produce the highest number oflarger air voids (1000-2000 µm). Four-minute mixing 
increases the number of small air voids (100-200 µm) and produces fewer large air voids 
(1000-2000 µm). Based on Figure 36(b ), one-minute mixing has lower total air content in the 
paste (<2000 µm) than the two-minute and four-minute mixing. The four-minute mixing 
generates nearly the same total air content compared with two-minute mixing but four-
minute mixing produces more desirable air void distribution. The two-minute mixing curve 
moves leftward and upward from the one-minute mixing curve and the four-minute curve 
continues to move leftward from the two-minute mixing curve. This indicates that as mixing 
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Figure 35 Effect of mixing time on the AV A results (Portland Cement One-Step Mixing) 
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Figure 36 Effect of mixing time on air void curve (Portland Cement One-Step Mixing) 
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4.2.4 Effect of mixer on the air voids distribution 
Two lab mixers with capacity of 0.5 and 1.5 ft3 were used in this study. Three 
numerical parameters measured from the AV A and the average air voids distribution 
curves of two mixers using Portland cement mix are plotted in Figures 37 and 38. 
Based on Figure 3 7, the big mixer produces nearly the same total air content as the 
small mixer for the concrete at every mixing time level, but it does reduce the spacing 
factor and increases the specific surface of the air void in concrete at every mixing time 
level. 
The air voids distributions of the mixture mixed with two mixers are plotted in Figure 
38. According to Figure 38(a), a larger mixer, with more mixing energy, made the 
distribution curve at smaller air voids level shift leftward. That is there are more small air 
voids and less large air void in the mixture. Figure 38(b) indicates that the total air 
contents of the mixture produced by the two mixers are close and the accumulative air 
void curve of the mixture made with the larger mixer moves leftward, which indicates 
more fine air void in the mixture. 
4.2.5 Relationship between the air content from AV A and ASTM 
From the table 37, the air contents measured by AVA and ASTM C 231 are compared 
and plotted in Figure 39. A linear regression is made with R2 of0.809. The t Ratio is 
10.30 and the P value is smaller than 0.0001, which indicates statistically significant 
linear relationship between the air contents from these two methods. So in terms of air 
content, AV A test agrees well with the ASTM C 231 method but also provides more 
information on the air void information. The air contents from the ASTM C 231 is higher 
than the AV A test due to the fact that the vibration during the AV A tests released most 
entrapped air. Rapid Air Tests have been done on the hardened concrete samples to 
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CHAPTER 5 .CONCLUSIONS AND RECOMMENDATIONS 
5.1 Conclusions 
Two mixing methods (standard and non-standard) were applied to 48 batches of 12 
commonly used concrete mixes. Four composition tests (unit weight, air content, coarse 
aggregate content, and water content of mortar) and two performance tests (slump and 7-day 
compressive strength) were conducted to determine the influence of the mixing method on 
performance and uniformity of concrete mixtures. An AV A test was further conducted to 
investigate the effects of materials, mixing time, mixing sequence, and mixer on the air void 
system of concrete. The major observations from this study are summarized as the following: 
1. According to the average batch test data, mixing methods influence both the 
compositional and performance properties of concrete. Statistical analysis indicates 
significant chance of interaction between concrete materials and mixing methods. 
2. The mixing method has no significant effects on the Coefficient of Variation (CV) of 
performance properties (slump and 7-day strength) but it has a clear effect on the CV 
of compositional properties (unit weight, air content and coarse aggregate content). 
Non-standard mixing produced significantly higher CVs on compositional properties, 
indicating inconsistency of concrete mixture. 
3. AVA tests indicate that 15 % of fly ash replacement for Portland cement reduces the 
spacing factor of the concrete. Addition of water reducer also significantly reduces 
the spacing factor and increases the specific surface of concrete. This is beneficial to 
its durability. 
4. The two-step mixing method produces a higher spacing factor and increases the 
amount of small size air voids while reducing the large air voids, when compared to 
the one-step mixing method. 
5. When a small pan lab mixer (0.5 cf) is used, mixing time less than four minutes 
seems insufficient to produce a desirable spacing factor. Two-minute mixing 
produces more air voids than one-minute mixing, but not as good as four-minute 
mixing, which produces a desirable air void distribution. Use of a large mixer appears 
to facilitate obtaining a normal air void system. 
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5.2 Recommendations 
1. Composition tests (such as air content, coarse aggregate content) appear appropriate 
for evaluation of mixing methods (mixer, mixing time, or mixing sequence). The 
coefficient of variation (ratio of standard deviation to the average, CV) within a given 
batch gives a good measure of the homogeneity of the concrete produced, i.e., a small 
CV implies a uniform mixture. These test methods and data analysis tool are 
recommended for evaluating of concrete uniformity. Further examination of testing 
error for each measurement shall be studied and the results can be used for mixing 
quality control. 
2. AVA test can provide valuable information on the concrete air void system. This test 
method is recommended for evaluation of mixing and concrete quality control. Not 
only mixing methods but also materials used in concrete mixture have significant 
influence on air void characteristics of the concrete. 
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